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Abstract
Fabien Léonard, Doctor of Philosophy.
“Study of Stress Corrosion Cracking of Alloy 600 in High Temperature High Pres-
sure Water”, The University of Manchester, 2010.
Stress corrosion cracking (SCC) of alloy 600 is regarded as one of the most im-
portant challenges to nuclear power plant operation worldwide.
This study investigates two heats of alloy 600 (forged control rod drive mecha-
nism nozzle and rolled divider plate) in order to obtain a better understanding of
the eﬀects of the material parameter on the SCC phenomenon. The experimental
approach was designed to determine the eﬀect of the manufacturing process (for-
ged vs. rolled), the cold-work (as-received vs. cold-worked) and the strain path
(monotonic vs. complex) on SCC of alloy 600.
Specimens with diﬀerent strain paths have been produced from two materials re-
presentative of plant components and tested in high temperature (360 ◦C) high
pressure primary water environment. The manufacturing process has been pro-
ven to have a great eﬀect on the stress corrosion cracking behaviour of alloy 600.
Indeed, the SCC susceptibility assessment has demonstrated that the rolled ma-
terial is resistant to SCC even after cold work, whereas the forged material is sus-
ceptible in the as-received state.
Microstructural characterisations have been undertaken to explain these diﬀe-
rences in SCC behaviour. The carbide distribution is the main microstructural
parameter inﬂuencing SCC but the misorientation, in synergy with the carbide
distribution, has been proven to give a better representation of the materials SCC
susceptibilities.
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Introduction
“Primary water stress corrosion cracking of alloy 600 is regarded
in the United States of America as the most important challenge to
pressurised water reactor operation.”
Dr Ray Nicholson
Health and Safety Executive
Stress corrosion cracking (SCC) is a generic problem in high temperature waters,
with most alloys employed suﬀering from cracking under some conditions. Des-
pite many investigations, there remain some uncertainties about the mechanisms
of stress corrosion cracking that are relevant to nickel alloys in the high tempera-
ture high pressure water environments found in nuclear power plants.
The life of alloy 600 components and specimens in the laboratory with regard to
stress corrosion cracking is presently assessed using a semi-empirical Index Model
which accounts for the inﬂuence of stress, temperature, and material susceptibi-
lity to SCC. Nevertheless, this Index Model does not account for the pre-straining
or for the amount of cold work, which means that the knowledge obtained for a
material can not be extrapolated to another (i.e. from forged materials to rol-
led materials). Moreover, the development of a (more) physical model based on
the true mechanisms of SCC will require an accurate description of the eﬀects of
the pre-straining and of the various metallurgical parameters, separately from the
mechanical parameters.
The work embodied in this thesis aims at investigating the inﬂuence of the material
parameters on alloy 600 stress corrosion cracking process in conditions emulating
those found in reactor environments. This study proposes to determine the impact
of the manufacturing process, cold work and the strain path on SCC of alloy 600.
Ultimately, the goal is to try to build a new basis with regard to the physical
modelling and propose an improvement of the Index Model.
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Introduction
This manuscript is divided into ﬁve parts. Part one is a review of the literature
concerning the material under investigation, the stress corrosion cracking process,
and the mechanistic model. Part two describes the experimental techniques and
ﬁnite element model employed during this PhD. Part three presents the results
gathered from material characterisation, ﬁnite element modelling, and stress cor-
rosion cracking testing. Part four provides a critical assessment of the experimen-
tal results and a discussion of their implications. The ﬁfth and ﬁnal part summa-
rises the conclusions from the study and proposes future work.
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PART I
Literature Review

Chapter1
Material presentation
The material under investigation in this study is the alloy 600 or Inconel® 600
(UNS N06600), developed in 1932 by O.B.J. Fraser [1]. This nickel-chromium-
iron alloy is a standard engineering material for applications which require heat
and corrosion resistance as well as excellent mechanical properties. It is a non-
magnetic material which presents an excellent combination of high strength and
good hot and cold workability and it is readily weldable under a wide range of
temperatures.
The high nickel content provides a good level of resistance to reducing environ-
ments and to corrosion by a number of organic and inorganic compounds. The
nickel content also makes it virtually immune to chloride-induced stress corrosion
cracking and confers excellent resistance to alkaline solutions [2]. Its chromium
content gives the alloy resistance to sulfur compounds and various oxidizing en-
vironments at high temperatures or in corrosive solutions [3, 4].
As a results of its versatility, alloy 600 is being used in a variety of applications
with temperatures ranging from cryogenic to above 1000 ◦C [3, 5, 6]:
• chemical processing equipment (production of titanium dioxide, sodium sul-
ﬁde, chlorinated and ﬂuorinated hydrocarbons, and soap manufacture),
• heat treating industry (heat exchangers, thermocouple sheaths, furnace re-
tort seals, fans, roller hearths, and other furnace components),
• aeronautical ﬁeld (engine exhaust liners and turbine seals), and
• food processing component (vegetable and fatty acid vessels).
Alloy 600 is also a standard material of construction for nuclear reactors. It
has been widely used for power plant components due to the similarity of its
thermal expansion coeﬃcient with that of low alloy pressure vessel steel, its good
general corrosion resistance and low corrosion product release rates [7]. The main
components involved are listed below [8–12] and presented in Figure 1.1:
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• steam generator tubes, plugs, and divider plate,
• upper and lower head penetrations of the reactor pressure vessel,
• nozzles (CRDM, CEDM, instrument, safe end. . .)
• pressurizer heater sleeves,
• pressuriser penetrations, and
• core radial supports.
Figure 1.1 – Applications of alloy 600 in PWR primary system, from [8].
1.1 Composition of alloy 600
Alloy 600 is a nickel-base alloy containing 14 to 17 % chromium and 6 to 10 %
iron. Although nickel, chromium, and iron form the major balance of alloy 600
matrix, other elements are present in the alloy; the corresponding chemical requi-
rements are given in Table 1.1. The position of alloy 600 together with the most
widely employed alloys in nuclear power plants is represented on the Fe-Ni-Cr ter-
nary phase diagram in Figure 1.2.
The nickel content gives the excellent resistance to chloride-induced stress corro-
sion cracking and also provides excellent general corrosion resistance to alkaline
solutions and in reducing conditions. The roles played by chromium in alloy 600
are multiple: solid solution strengthener (just like iron), carbide formation (M7C3
and M23C6 type) and oxidation resistance.
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Table 1.1 – Limiting chemical composition of alloy 600 (wt. %), from [13, 14].
Element Content (wt. %)
Nickel (plus Cobalt) 72.0 min.
Chromium 14.0 – 17.0
Iron 6.00 – 10.00
Carbon 0.15 max.
Manganese 1.00 max.
Sulfur 0.015 max.
Silicon 0.50 max.
Copper 0.50 max.
Carbon is a minor alloying element but plays a role of major importance in al-
loy 600 microstructure by formation of carbides (M7C3 and M23C6) and carboni-
trides (M (CN) type). The carbon content has a direct eﬀect on the carbide pre-
cipitation and distribution.
Manganese, silicon, aluminium and titanium are present in alloy 600 because they
are used during the melting and reﬁning for deoxidation, desulfurisation and de-
carburisation [15]. These elements aﬀect the processes of deformation, recovery,
recrystallisation and grain growth [15].
Cobalt, copper, molybdenum, niobium, nitrogen, phosphorus and sulphur are
tramp elements with no deﬁned purpose and must be held to very small levels [15].
Cobalt and molybdenum have an eﬀect as solid solution strengtheners; molybde-
num can form carbides while nitrogen can form carbonitrides [16].
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Figure 1.2 – Alloys of interest positioned on the Fe-Cr-Ni ternary phase diagram
for 400 ◦C, from [17].
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1.2 Microstructure
Alloy 600 is a stable purely austenitic alloy in which the austenite matrix is a face
centered cubic nickel based structure that usually contains high percentages of so-
lid solution elements. Due to the stability of the γ matrix (austenite) at any tem-
perature (Figure 1.3), no major transformation occurs during the diﬀerent thermal
treatments except precipitation or dissolution of carbide precipitates. The alloy is
not precipitation hardenable; it is hardened and strengthened only by cold work.
(a) Isothermal section at 1300 ◦C (b) Isothermal section at 650 ◦C
Figure 1.3 – Ni-Cr-Fe ternary phase diagram, from [18].
Carbide precipitation occurs readily in alloy 600 due to the low carbon solubility
even at very high temperatures, e.g. 0.007 wt. % at 500 ◦C. Precipitates include
M7C3 and M23C6 carbides as well as titanium nitrides and carbonitrides [19–21].
The predominant precipitate formed during processing treatments and subsequent
thermal treatment is the M7C3 carbide [22, 23]. Examples of carbide precipitates
are given in Figure 1.4.
(a) As-received material (b) Mill-annealed material (c) Heat-treated material
Figure 1.4 – Alloy 600 precipitates observed by TEM, from [24].
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The structure of the carbides is described as pseudo-hexagonal and they can be
intragranular or intergranular. Grain boundary precipitates can be produced ran-
ging from small (or large) discrete particles to a semi-continuous array of particles.
Their morphology is usually divided into four classes: ﬁne discrete particles, se-
micontinuous precipitates, coarse semi-continuous precipitates and large discrete
precipitates [25].
1.3 Thermal treatments
Thermal treatments are used after forming and machining of the alloy in order to
control the material properties by changing the microstructure and also to relieve
the residual stresses within the component induced by the processing. Thermal
treatments involve heating the metal at a predeﬁned temperature for a deﬁnite
time and then cooling it. As an example, the eﬀect of heating temperature on the
microstructure is summarised on Figure 1.5. Two diﬀerent thermal treatments
are carried out on alloy 600: mill annealing (MA) and thermal treatment (TT).
Carbide dissolution curve
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carbide precipitation
Static recrystallisation curve
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Figure 1.5 – Inﬂuence of annealing temperature and carbon content on alloy 600
microstructure, from [26].
1.3.1 Annealing
Annealing is a heat treatment performed between 700 and 1200 ◦C to achieve re-
covery, full recrystallisation of the grain structure and dissolution of the carbides
induced by the cold work [15, 27]. The eﬀects of the annealing temperature on the
microstructure of cold-worked material are represented in Figure 1.6. For low an-
nealing temperatures, the additional thermal energy allows the residual stresses to
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be relieved and the recovery to occur: dislocations can move and form the boun-
daries of a polygonised subgrain structure (b). For higher annealing temperatures,
rapid recovery relieves the residual stresses and generates the subgrain structure
where new small grains nucleate. This nucleation process, which eliminates most
of the dislocations and produces a fully recrystallised grain structure, is known as
recrystallisation (c). Finally, for the highest annealing temperatures, rapid reco-
very and recrystallisation produces the ﬁne recrystallised grain structure and due
to the high temperature, the grains of this structure begin to grow with stable
grains consuming the less stable ones to reduce the grain boundary area (d).
(a) Cold-worked (b) Recovery (c) Recrystallisation (d) Grain growth
Figure 1.6 – Eﬀect of annealing temperature on a cold-worked microstructure,
from [27].
1.3.2 Thermal treatment
The thermal treatment of mill annealed materials is performed to control the car-
bide precipitation. TT involves heating the metal at a temperature between 700
and 730 ◦C for a time between 5 and 15 hours and then cooling it as represented
in Figure 1.7 [16].
Due to the relatively low carbon content of alloy 600, the precipitation of the car-
bon present in solid solution will occur between point A and B of the Figure 1.7,
thus forming precipitates at the grain boundaries, before the start of the intra-
granular precipitation (that occurs after the point B). The carbide precipitation
process at the grain boundaries leads to a chromium depleted zone and a micro-
structure called “sensitised” that appears to be detrimental to the SCC resistance
in oxidising environment [22]. To avoid a sensitised structure, the thermal treat-
ment is held from point B to C to allow for chromium to diﬀuse back in the matrix
adjacent to the grain boundaries and restore the chromium level of the chromium
depleted zone.
The mill annealing temperature has also an eﬀect on carbide precipitation: ther-
mal treatment and mill annealing act in synergy on carbide precipitation and the-
refore should be looked at as two stages of a single process rather than two distinct
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Figure 1.7 – Carbide precipitation diagram for alloy 600, from [28].
processes. For example, high temperature mill annealing above 1000 ◦C promotes
a continuous and semi-continuous intergranular carbide microstructure whereas
at low temperature, the carbide distribution obtained after thermal treatment is
mainly intragranular [15, 29].
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Chapter2
Stress corrosion cracking
Stress corrosion cracking is the macroscopically brittle failure of a ductile mate-
rial through slow environmentally induced crack propagation. The observed crack
propagation results from the synergistic and combined action of an environment
promoting stress corrosion cracking on a susceptible material under stress as pre-
sented in Figure 2.1 [30–32]. If one of these parameters (environment, material or
stress) is suppressed, stress corrosion cracking will not usually occur.
Figure 2.1 – Factors aﬀecting stress corrosion cracking, from [31].
SCC was ﬁrst identiﬁed as a signiﬁcant problem in the middle of the 19th century
by the British army in India with the extended application of cold-worked brass in
condenser tubing and military cartridge cases. The edges of riﬂe cases would crack
(Figure 2.2) due to ammonia released from dung and horse manure decomposing,
and cause misﬁring of riﬂes. The introduction of more advanced materials has in-
creased the range of encountered failure mechanisms within the past century [33].
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Figure 2.2 – Example of stress corrosion cracking in brass caused by ammonia.
Stress corrosion cracking is a mode of corrosion with several submodes as revealed
by Figure 2.3. The submode of interest when dealing with SCC of alloy 600 in pri-
mary water environments is the low potential stress corrosion cracking (LPSCC)
occuring in the region near and below the standard hydrogen equilibrium (al-
though some argue that the Ni/NiO equilibrium is more relevant). LPSCC is also
known as primary water stress corrosion cracking (PWSCC) as it occurs in the
primary loop of PWR nuclear power plant, i.e. in primary water environment.
Finally, as the cracking for alloy 600 is almost exclusively intergranular, SCC of
alloy 600 in nuclear power plant is also called intergranular stress corrosion cra-
cking (IGSCC). In this manuscript all four terms (SCC, LPSCC, PWSCC, and
IGSCC) will be employed without distinction.
Figure 2.3 – Major submodes of stress corrosion cracking for alloy 600 MA in the
range from 300 ◦C to 350 ◦C, from [34].
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2.1 Historical background
Steam generator tubes of the ﬁrst pressurised water reactors were made of auste-
nitic stainless steel 18Cr-10Ni. This material has been prone to stress corrosion
cracking in high purity water when containing chloride and oxygen. Early issues
occuring on the outer wall of steam generator tubes (secondary side) rapidly lead
to the selection of a more chloride resistant material. Alloy 600 was apparently
the perfect candidate, being virtually immune to chloride-induced stress corrosion
cracking and having a good operating experience from the nuclear submarines of
the US Navy. Other advantages of alloy 600 over 18-10 stainless steel include its
close match in thermal expansion coeﬃcient with low alloy steels (structural ma-
terials for pressure vessel), good general corrosion resistance, and low corrosion
product release rates [7, 35].
Primary water stress corrosion cracking of alloy 600 was ﬁrst identiﬁed in CEA
laboratories by Coriou et al. in 1959 [36]. This work was challenged for years by
other experimentalists who had no success in cracking alloy 600 [37, 38], highligh-
ting the experimental diﬃculty of reproducing SCC in laboratory. In particular,
tests performed by INCO and Westinghouse were negative whilst repeated tes-
ting from the CEA in 1965 conﬁrmed Coriou’s early ﬁndings [39]. The debate
ended in the early 1970’s with the ﬁrst SCC occurrence in plant on the primary
side (Obrigheim in Germany in 1971 then Fessenheim in France in 1980) and the
recognition of the SCC phenomenon labelled as “Coriou eﬀect”. As an illustra-
tion, the history of SCC occurrences in alloy 600 steam generator (SG) tubes is
presented in Figure 2.4.
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Figure 2.4 – Service and laboratory experience with SCC in alloy 600 steam ge-
nerator tubes in PWR primary water, from [38].
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2.2 Stages and morphology
Stress corrosion cracking is a process divided into several phases as presented in
Figure 2.5. Following an incubation period which can last from hundreds to thou-
sands of hours, short cracks can initiate on the surface of a specimen. Cracks are
only detected when their size is greater than the detection threshold of the me-
thod employed and the initiation stage is therefore spread over time. After the
apparent initiation stage, cracks propagate in a slow regime for up to thousands
of hours then in a fast propagation regime where the velocity of the deepest cracks
increases by at least an order of magnitude [40, 41]. The velocity of the shortest
cracks (secondary cracks) slows down and can even stop due to screening eﬀects
if the long crack density is high. It is commonly accepted that the transition bet-
ween the two propagation modes occurs when the stress intensity factor K be-
comes greater than a critical value called KISCC (often assumed to take a value
equal to 9 MPa
√
m for alloy 600 in primary water) [42]. For high large crack den-
sities, cracks can coalesce which increases the crack propagation and can therefore
shorten dramatically the time to failure of the component [43].
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Figure 2.5 – Steps of the stress corrosion cracking process.
Stress corrosion cracking of alloy 600 is mostly intergranular with a brittle aspect.
The fracture surface can sometimes present a pseudo-intergranular appearance
cracking covering up to 10 % of the fracture surface. The pseudo-intergranular cra-
cking is characterised by microfacets at the vicinity of the grain boundary usually
on grain boundaries forming an angle of less than 45◦ with respect to the applied
loading [44]. The morphology of SCC of alloy 600 is presented in Figure 2.6.
PWSCC is a complex process and even though it has been studied extensively
over the last thirty years, the cracking process is still a matter of debate. To fuel
this debate, the parameters inﬂuencing primary water stress corrosion cracking
are of great concern.
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50 μm
(a) Intergranular cracking with brittle aspect (b) Pseudo-intergranular cracking, from [45]
Figure 2.6 – Stress corrosion cracking morphology of alloy 600.
2.3 Inﬂuencing parameters
IGSCC is a phenomenon involving the synergistic combination of a susceptible al-
loy (nickel and chromium content, carbon content and carbides, cold work, strain
path, grain boundaries, grain size, and minor elements), an aggressive environ-
ment (temperature, potential and dissolved hydrogen content, boric acid, lithium
hydroxide, and pH) and stress (stress or strain or strain rate). The eﬀect of each
of these parameters on alloy 600 IGSCC will now be reviewed.
2.3.1 Nickel and chromium content
A general investigation of the stress corrosion cracking of austenitic stainless al-
loys in pure or chlorinated water was ﬁrst performed by Coriou et al. [46] in 1969.
The diagram presented in Figure 2.7 shows the general behaviour for Fe-Cr-Ni al-
loys in both environments. TGSCC occurs in alloys with high iron content only in
chlorinated water, whereas alloys with high nickel content are susceptible to IG-
SCC in both “pure” and chlorinated water. It is interesting to note that despite
being chosen as a substitute for stainless steel 18-10 in steam generator tubes, al-
loy 600 and all the Ni rich alloys are more susceptible to SCC in pure water than
Fe rich alloys (such as stainless steel 18-10). Another interesting point is the very
good SCC resistance in both media of alloys with a nickel content between 20
and 65 %; hence the selection of alloy 800 instead of alloy 600 as replacement for
stainless steel 18-10 in SG tubes in Germany.
In a PWR primary water environment, Yonezawa et al. [47] investigated the SCC
dependency upon nickel content (between 68 and 88 %) and chromium content
(between 1 and 20 %). As can be seen from Figure 2.8 (a) results suggest a relati-
vely small inﬂuence of nickel content over the concentration range investigated for
a constant chromium content of 5 %. However Figure 2.8 (b) shows the high SCC
dependency on chromium content with continuous improved SCC resistance from
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Figure 2.7 – Inﬂuence of nickel content on SCC of austenitic alloys in pure and
chlorinated water at 360 ◦C, from [46].
3 up to 17 % where no cracking is detected. Increasing chromium therefore signi-
ﬁcantly improves the SCC resistance of alloy 600 in primary water environment.
This trend is consistent with the work from Nagano and Kajimura [48] which indi-
cates a maximum susceptibility to SCC for Ni-10Fe-xCr alloys with 5 to 10 % Cr
and a sharp increase of SCC resistance from 10 to 17 % Cr with no cracking ob-
served for chromium contents between 17 and 30 % chromium. The results from
numerous studies showing the higher resistance of alloy 690 compared to that of
alloy 600 is also consistent with the previous ﬁndings. Nevertheless, there is no
clearly deﬁned Cr content threshold at which SCC is prevented: for example the
work of Delabrouille [49] shown that nickel alloys with high intragranular preci-
pitation remain susceptible to SCC during SSRT even with a 30 % Cr content.
Explaining the beneﬁcial role of chromium is complex because of the synergis-
tic interaction of the large number of factors inﬂuencing SCC behaviour. Ad-
ditionally, the key parameters depend on the mechanisms considered to control
the stress corrosion cracking process. Nevertheless, independently from any me-
chanistic consideration, the following experimental observations have been made.
Chromium is a known solid solution strengthener of Ni, which can aﬀect creep
and deformation rates of nickel based alloys. A strong reduction in creep has been
found by Angeliu [50] and Vaillant et al. [51] for chromium contents increased
from 15 to 30 %. Chromium also aﬀects the formation of surface ﬁlms: increasing
chromium content results in a thinner oxide richer in chromium [52]. The oxide
ﬁlm is also more protective and has a better mechanical resistance for chromium
contents higher than 17 % [47]. Additionally, the passivity and the repassivation
rates have been shown to increase with Cr content [53, 54].
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2.3.2 Carbon content and carbide distribution
A study by Bandy and Van Rooyen [55] has shown the increase in crack initia-
tion activation energy with increasing carbon content for U-bend tests performed
with tubes of 0.01–0.05 % C in pure water between 325 and 365 ◦C. Neverthe-
less, the inﬂuence of carbon on alloy 600 SCC behaviour is usually linked to the
precipitations of carbides.
Carbide precipitates in alloy 600 are predominantly M7C3 carbides and they can
be intergranular and/or intragranular. The carbide precipitation depends mainly
on the thermomechanical history of the material but heat treatment temperatures
and duration, grain size and carbon content are strongly interrelated and aﬀect
the material microstructure in complex ways. Lower carbon content shifts the
precipitation towards higher times thus improving the conditions for intergranu-
lar carbide formation. However, too high (above 0.063 wt. %) or too low carbon
content (below 0.012 wt. %) may contribute to highly susceptible material [28].
The eﬀect of carbide distribution has been investigated by several authors [24, 56–
59] and the general consensus is that a continuous or semi-continuous network of
intergranular chromium carbides precipitates enhances SCC resistance whereas
intragranular carbide precipitation increases SCC susceptibility. Evidence of the
eﬀect of carbide distribution on both IGSCC initiation and propagation is pre-
sented in Figure 2.9.
43
2. Stress corrosion cracking I. Literature Review
Amount of Grain Boundary Carbides
In
iti
at
io
n 
Ti
m
e 
(h)
16,000
14,000
12,000
10,000
8,000
6,000
4,000
2,000
0
0 1 2 3 4 5
= MA
= TT
LPSCC Test, 350C
Alloy 600
(a) Inﬂuence on initiation
<500 h
Type of Structure
I
Mostly
Grain
Boundary
Carbides
SC
C 
Su
sc
ep
tib
ilit
y Structure I
Structure II
Structure III 500 to 1,000 h
1,000 to 5,000 h
>5,000 h
Ti
m
e-
to
-C
ra
ck
in
g 
of
 R
UB
s
II
Intermediate
III
Mostly
Matrix
Carbides
Alloy 600MA
Pure water
3 to 5 bar H2360C
1,000 h test
(b) Inﬂuence on propagation
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Accordingly, EDF has established a three-type carbide distribution classiﬁcation
to describe a priori the SCC susceptibility of alloy 600 microstructure of steam
generator tubes; examples are shown in Figure 2.10:
• type I microstructure with purely intergranular carbides,
• type II microstructure with mainly intragranular carbides precipitated on
former grain boundaries (also called “ghost networks”), and
• type III microstructure with mainly intragranular carbides, uniformly pre-
cipitated.

(a) Type I (b) Type II (c) Type III
Figure 2.10 – Examples of carbide microstructure types
Type I microstructure is the most resistant to stress corrosion cracking due to the
beneﬁcial eﬀect of intergranular carbides whereas type II and III are more sus-
ceptible due to the deleterious eﬀect of intragranular carbides.
44
I. Literature Review 2.3. Inﬂuencing parameters
The inﬂuence of the carbide distribution can be explained by several experimen-
tal facts supporting the diﬀerent mechanisms proposed to account for IGSCC. In-
tergranular carbides decrease the grain boundary sliding as they act as obstacles
by decreasing the sliding amplitude and limiting the number of sliding bounda-
ries, and hence, reducing crack initiation and crack growth [51, 59, 61]. IG car-
bides also tend to lower the creep rate as shown by Boursier et al. [43, 62], even
if the correlation between microstructure, creep and IGSCC susceptibility is not
straightforward. According to Brummer et al. [63], intergranular carbides are a
source of dislocation activity which can reduce the crack tip stress state and en-
able crack tip blunting to occur by increasing the crack tip radius, thus reducing
the crack growth rate. Finally, the intergranular precipitation can also act as an
oxygen trap, limiting its diﬀusion along the grain boundaries. The detrimental
role of intragranular carbides could be explained by being obstacles for disloca-
tions produced at grain boundaries or by activating new dislocation sources. In
both cases the result would be an increase of strain localisation along the grain
boundary which would promote SCC.
In addition, the precipitation of chromium-rich carbides at grain boundaries leads
initially to the formation of a chromium-depleted zone in the matrix next to the
grain boundary [22]. The microstructure obtained, illustrated in Figure 2.11, is
often referred to as “sensitised”. Depletion is controlled by the thermodynamics
of carbide formation and diﬀerences between the diﬀusivities of chromium and
carbon [20]. It occurs in a temperature range where carbides are thermodyna-
mically stable and chromium diﬀusion is suﬃciently rapid for carbide nucleation
and growth.
Chromium
depleted zone
Chromium carbide
Chro iu
depleted zone
Chro iu carbide
M7C3 or M23C67 3
or 23 6
(a) Sensitised grain boundary
Matrix chromium
content (14 to 17 %)
Chromium
concentration
profile
Chromium depleted
zone
Location of grain boundary
atrix chro iu
content (14 to 17 )
hro iu
concentration
profile
Location of grain boundary
hro iu depleted
zone
(b) Chromium concentration proﬁle
Figure 2.11 – Schematic representation of a chromium depleted zone.
Chromium depletion enhances SCC susceptibility particularly in oxygenated wa-
ter, in low-temperature acidic environments or in the presence of sulphur spe-
cies [20, 64]. A study in hydrogen/steam at 380 ◦C has shown that there was
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no correlation between intergranular cracking and the chromium depletion of the
samples [29]. Recently, Sahlaoui et al. [65] found an increase in intergranular cor-
rosion of stainless steel due to chromium depletion near grain boundaries for inter-
granular attack Strauss tests performed at free potential in a sulfo-cupric reagent.
This work was used to justify results linking the chromium depleted region to the
poor cracking resistance in hydrogenated steam environment of a thermally trea-
ted alloy 600 sample [24]. Nevertheless, the impact of chromium depletion has
not been clearly demonstrated in primary water environment yet and if chromium
depletion is detrimental to LPSCC, its eﬀect is largely compensated by the bene-
ﬁcial eﬀect of the grain boundary carbides [59].
2.3.3 Cold work
The inﬂuence of cold work on the stress corrosion cracking process diﬀers whe-
ther considering the initiation or the propagation stage. Whereas the detrimental
eﬀect of cold work on propagation has been demonstrated, the inﬂuence on ini-
tiation is still under debate.
For propagation, Bandy and Van Rooyen [66] found that cold work decreased SCC
resistance compared to as-received alloys for the same environment. These results
are consistent with several published studies [42, 67, 68] which clearly indicate an
increase in SCC susceptibility with increasing cold work levels. Rebak et al. [67]
performed CERT experiments on specimens cold-worked by bending and found
an increased crack growth rate with increasing cold work at two temperatures as
Figure 2.12 shows. Totsuka and Szklarska–Smialowska [68] found similar results
on specimens with a cold-pressed hump that failed up to an order of magnitude
faster by increasing the cold work level from 6 % to 35 %.
Figure 2.12 – Average crack growth rate as a function of cold work, from [67].
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Regarding crack initiation, Le Hong [42] demonstrated a similar inﬂuence of cold
work as initiation times decreased for capsule tests performed at similar strain le-
vels on specimens cold-worked at 0, 5, 10, and 20 %. Airey [69] also showed that a
reduction in area reduces the SCC initiation time for both MA and TT alloy 600
in hydrogenated and pure water. In a study by Bandy and Van Rooyen [55], it was
proposed that the degree of cold work was also an important parameter as results
from constant load tests showed that specimens with the lower amount of cold
work (5 %) failed earlier than specimens with a higher degree of cold-work (20 %).
Another important ﬁnding from the work of Le Hong [42] was that for cold-worked
materials, stresses higher than the yield strength after cold work are required to
develop cracking, as can be seen in Figure 2.13. From this perspective, the eﬀect of
cold work could be seen as beneﬁcial as it increases the stress level required to pro-
duce SCC initiation. On the other hand, the cold work lowers the value of the ra-
tio between applied stress and yield strength required for crack initiation to occur.
Figure 2.13 – Inﬂuence of cold work on SCC initiation time, from [42].
The increase in stress level required to produce SCC is the basis for mechani-
cal treatments (such as shot-peening) employed to produce compressive residual
stresses at the surface of components. Nevertheless, the eﬀect of the cold work
becomes detrimental when the applied tensile stress passes beyond the new yield
strength, especially in a cold-worked surface layer as stresses as high as 1000 MPa
can develop.
The same work from Le Hong [42] also demonstrated the similar inﬂuence of sur-
face cold work and homogeneous bulk cold work. As-received specimens with a
cold-worked surface layer resulting from the fabrication process had crack growth
rates up to six times higher than the CGR of electropolished specimens during
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both constant load and SSRT experiments. This result highlights the importance
of surface ﬁnish but unfortunately cold work is often introduced into plant com-
ponents during manufacturing or machining processes.
2.3.4 Strain path
The research to date has tended to focus on cold work rather than strain path.
The strain path is a deﬁnition of the deformation history composed by the suc-
cessive loadings applied to a specimen or component.
Moshier and Brown [70, 71] were the ﬁrst to demonstrate the inﬂuence of proces-
sing orientation on the crack growth rate by testing alloy 600 cold rolled material
in the longitudinal-transverse (L-T) and short-transverse (S-T) orientations using
wedge opening loading (WOL) and compact tension (CT) specimens at 316 ◦C.
The crack growth rates obtained in the S-T orientation were about an order of
magnitude greater than in the L-T orientation as can be seen in Figure 2.14. Si-
milar results were obtained by Andresen et al. [72] on highly unidirectionally cold-
worked alloy 690, with low crack growth rates obtained in T-L or L-T oriented
specimens, and high crack growth rates obtained in S-L and S-T oriented speci-
mens. Comparing the results from both authors suggests a correlation between
crack growth rate and specimen orientation relative to the direction of cold work,
the most detrimental case being when the crack plane and pre-straining plane are
coincident, i.e. S-L and S-T specimens.



(a) Schematic of specimen orientation,
from [72]
(b) S-T versus L-T orientation, from [70]
Figure 2.14 – Eﬀect of processing orientation on SCC growth rate behaviour of
cold-rolled alloy 600 tested at 316 ◦C.
Regarding initiation, recent results from Morton et al. [73] showed a limited ef-
fect of the specimen orientation. S oriented specimens exhibited slightly shorter
initiation times than T-oriented specimens when tested in the same autoclave.
Nevertheless none of the papers mentioned proposed any explanations for the
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reported results. However, results from Couvant and Bruemmer [74] indicate
that complex strain paths induce stress concentration at grain boundaries. This
observation could explain the inﬂuence of the strain path as another study from
Couvant et al. [75] showed that IGSCC of austenitic stainless steels was promoted
by stress localisation rather than by high strain levels.
2.3.5 Grain boundaries
Since the concept of “grain boundary design and control” was ﬁrst introduced by
Watanabe, extensive research has been undertaken to understand the inﬂuence
of grain boundary character on intergranular stress corrosion resistance. Usually,
it has been assumed that “special” grain boundaries are those described by low
values (with some arbitrary upper limit) of the reciprocal density of coincident
sites, Σ, in the framework of the coincidence site lattice (CSL) model [76].
Alexandreanu et al. [77] studied alloy 600 IGSCC in primary water as a function
of CSL boundary (CSLB) fraction, alloy carbon content, and grain boundary car-
bides. Results demonstrate that high angle boundaries (HABs) crack more than
CSLBs irrespective of microstructure and test conditions and that the total frac-
tion of cracked grain boundaries decreases with increased fraction of CSLB re-
gardless of alloy, microstructure or strain. It has also been found in the work from
Alexandreanu and Was [78] that cracks propagate primarily along HABs, espe-
cially along those separating grains of diﬀerent orientations as such grain bounda-
ries are prone to concentration of deformation. A more complete study by Gerts-
man and Bruemmer [76] of the grain boundary character along stress corrosion
crack paths in alloy 600 subjected to IGSCC showed that only Σ3 boundaries are
resistant to SCC (Figure 2.15) and that grain boundary orientation with respect
to the applied stress is also an important factor.
Figure 2.15 – Schematic representation indicating an IGSCC resistance limit as a
function of grain boundary misorientation and energy, from [76].
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Several studies have been performed to explain the superior resistance to cracking
of CSLBs by comparison to HABs. Thaveeprungsriporn and Was [79] carried out
SSRT experiments to examine the role of dislocation absorption at grain bounda-
ries. Experiments show an extrinsic grain boundary dislocation (EGBD) density
three times higher on CLSBs than on HABs after 1.25 % strain due to the highly
ordered structure of CSLBs and their resulting slower absorption kinetics of dis-
locations [79]. Similar observations have been made by Alexandreanu et al. [80]
but this study also showed an increased average grain hardness and higher inter-
nal stress with increasing CSLB fraction.
These results taken together suggest that CSLBs impede kinetics of dislocation
absorption into the grain boundary. The consequence is an increasing lattice
hardening and internal stress in the material resulting in a reduced creep rate for
materials with high CLSB density [80].
2.3.6 Grain size
The grain size for alloy 600 has been shown to have an eﬀect on IGSCC beha-
viour. Data gathered by Gorman in Figure 2.16 indicate that small grain mate-
rials have a higher propensity for cracking [50].
Figure 2.16 – Inﬂuence of grain size on IGSCC behaviour, from [50].
However, the analysis is complex as parameters such as grain size, thermal treat-
ments, and mechanical properties are interdependent. For example, ﬁne grain mi-
crostructures are usually obtained after thermomechanical treatments resulting
in high yield strength materials. Tests conducted by Norring and Engström have
shown that the yield strength is also an important parameter with increased me-
chanical properties resulting in a drastic decrease in time to cracking [28, 81].
Therefore, the inﬂuence of grain size and yield strength follows opposite trends
and whether yield strength or grain size is the primary parameter is unknown [81].
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2.3.7 Minor elements
Minor elements present either in the bulk or precipitated at the grain boundaries
can inﬂuence the SCC behaviour of alloy 600. Boron has been shown to increase
the ductility of alloy 600 but no segregation at grain boundary was reported by
Caceras et al. [82], whereas additions of silicon had no signiﬁcant eﬀect on the duc-
tility. Niobium has been found to have a detrimental eﬀect on SCC resistance [47]
whilst molybdenum was not observed to have any signiﬁcant inﬂuence [59].
Segregation at grain boundaries can also play a role in PWSCC. Phosphorus is
the primary segregant in alloy 600 and evidence supports a beneﬁcial eﬀect of
phosphorus at grain boundaries [20]. Other impurities identiﬁed at the grain
boundaries include boron, sulphur, nitrogen, and titanium but their eﬀect has not
been clearly assessed yet [29, 83].
2.3.8 Primary water
The primary environment used in pressurised water reactors is constituted of pure
deaerated water ([O2] < 10 ppb) with additions of boron, lithium and hydrogen.
Boron is added as H3BO3 in order to control the neutronic reaction [49] and
lithium is added as lithium hydroxide LiOH, H2O to buﬀer the pH of the solution
between 6.8 and 7.4. An overpressure of hydrogen is dissolved in the water,
between 25 and 50 cm3 per kilogram of solution, to compensate for the eﬀects
of water radiolysis and to maintain a relatively reducing condition (around the
Ni/NiO equilibrium) [49]. The solution is kept at a temperature between 290
and 325 ◦C and a pressure of 155 bar. Regarding PWSCC, the most inﬂuential
environment variables are temperature and corrosion potential.
2.3.9 Temperature
Primary water stress corrosion cracking has not been observed at temperatures be-
low 250 ◦C and one of the most aﬀected components has been the hot leg of steam
generator tubes (345 ◦C) [20]. These facts are consistent with laboratory results,
which tend to highlight the importance of temperature on the SCC phenomenon.
Stress corrosion cracking of alloy 600 in primary water environment is a thermally
activated process following an Arrhenius relationship presented in Equation 2.1.
Susceptibility to SCC is greater at higher temperature and both initiation and pro-
pagation are highly inﬂuenced by this parameter as Figure 2.17 demonstrates [28].
k = C ·exp
( −E
R T
)
(2.1)
where k is the reaction kinetic, C is a constant, E is the apparent activation
energy, R is the ideal gas constant, and T is the absolute temperature.
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The values of the apparent activation energy E determined by laboratories or from
ﬁeld experience lie on a wide spectrum ranging from 90 kJ/mol to 355 kJ/mol [17,
60, 64, 85, 86] for crack initiation and from 80 kJ/mol to 225 kJ/mol for crack
propagation [87–90]. It was proposed by Morton et al. [73, 88, 91] that prior high
activation energy results (e.g. above 200 kJ/mol) were biased high due to testing
at constant hydrogen level as the hydrogen level, in addition to the temperature,
increases SCC at elevated temperature. As the inﬂuence of hydrogen on SCC is
controlled by the proximity of the corrosion potential to the Ni/NiO equilibrium
potential and not the hydrogen content itself, the authors argued that thermal
activation tests should be conducted at constant ΔEcP (diﬀerence between the
electrochemical potential of the Ni/NiO equilibrium, ENi/NiO, and the alloy’s elec-
trochemical potential) at all temperatures, and not at constant hydrogen content.
However, there appears to be a reasonable consensus and values commonly accep-
ted today by the scientiﬁc community are in the range 165–230 kJ/mol for crack
initiation and 125–145 kJ/mol for crack propagation. For example activation
energies of 180 kJ/mol for crack initiation and 130 kJ/mol for crack propagation
are considered the most reliable by EDF [60]. It is interesting to note that the
activation energy values are diﬀerent for crack initiation and propagation which
suggests that the mechanisms involved in the two processes may be diﬀerent.
The apparent activation energy is a meaningful quantity when trying to deter-
mine the mechanisms controlling stress corrosion cracking and such high activa-
tion energy values are usually consistent with solid state diﬀusion processes. For
example, the activation energy for initiation alloy 600 (252 kJ/mol) [50] is very
close to the activation energy for nickel self-diﬀusion (278 kJ/mol) as found by
Rebak et al. [67]. Hippsley and DeVan [92] also found an activation energy of
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110 kJ/mol for cracking of Ni3Al at 500–760 ◦C, which is consistent with grain
boundary oxygen diﬀusion in pure nickel. Such activation energy values obtained
at 500–760 ◦C is in good agreement with a large number of values measured for
IGSCC growth of alloy 600 tested in primary water and hydrogenated steam in
the range 290–400 ◦C [87, 93]. On the other hand, the low activation energy of
88 kJ/mol for the dissolution of nickel in 5 % hydrochloric acid suggests that a
chemical dissolution process is not controlling LPSCC. In addition, results from
Economy et al. in Figure 2.18 shows that the initiation time for IGSCC follows a
linear dependence in 1/T from hydrogenated steam to water. This suggests that
there is only one process controlling cracking on the entire temperature range.
Since metal dissolution is not expected to occur in steam environment [50], it is
unlikely that a dissolution controlled process is responsible for IGSCC.
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Figure 2.18 – IGSCC initiation time vs reciprocal temperature, from [85].
2.3.10 Potential and H2 concentration
IGSCC is strongly correlated to the electrochemical potential and occurs within
a narrow range around the Ni/NiO equilibrium as represented on the Pourbaix
diagram in Figure 2.19.
The sensitivity of LPSCC to small changes in potential was ﬁrst demonstrated by
Blanchet et al. using galvanic couples of alloy 600 connected with more active or
more noble alloys [60]. Over the narrow range of potentials practically available,
LPSCC was intensiﬁed when alloy 600 was connected with a more active alloy
(decrease in potential) or suppressed when connected with a more noble material
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290/360 ◦C, from [38].
(increase in potential). Since then, a large number of publications have studied
the inﬂuence of hydrogen on both initiation and propagation of SCC cracks.
For initiation, results from reverse U-bend (RUB) tests performed by Economy
et al. [94] at 400 ◦C in a mixture of steam and hydrogen have shown a maximum
susceptibility to SCC in a narrow range of hydrogen partial pressure (from 20 to
80 kPa) which is centered on the Ni/NiO equilibrium. These results were conﬁr-
med in primary water environment at 360 ◦C by several authors [95, 96]. Rios [95]
demonstrated a signiﬁcant decrease in SCC susceptibility for hydrogen partial
pressure below 2 kPa and above 100 kPa, whereas Soustelle et al. [96] found a de-
crease in initiation time from 20 kPa to 40 kPa. The maximum susceptibility was
found for 40 kPa of hydrogen which coincides approximately to the equilibrium
potential of Ni/NiO (35 kPa at 360 ◦C). A compilation of these results altogether
with results from other authors [97, 98] is presented in Figure 2.20.
The inﬂuence of hydrogen on crack propagation has been reported to follow the
same trend as for crack initiation with a maximum susceptibility close to the
Ni/NiO equilibrium. Results gathered from several studies [95, 100–102] are pre-
sented in Figure 2.21. The work from most authors (Casagne et al. [84], Rios [95],
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Figure 2.20 – Inﬂuence of hydrogen partial pressure on crack initiation, from [99].
Vaillant and Le Hong [100], Abadie [101], Attanasio and Morton [102]) agrees
with the general parabolic dependence with a maximum crack growth rate in the
vicinity of ENi/NiO and a decreased CGR above and below this domain.
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Figure 2.21 – Inﬂuence of hydrogen partial pressure on crack propagation,
from [99].
Nevertheless, results from Soustelle et al. [103] on CT specimens present a dif-
ferent trend with a constant CGR for H2 partial pressures below the Ni/NiO
equilibrium. These results are consistent with the early work from Totsuka and
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Szklarska–Smialowska [68] presented in Figure 2.22 that reported IGSCC to be
independent of potential with a sharp change in intensity around the deaerated
open-circuit potential, which is generally coincident with the Ni/NiO equilibrium.
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Figure 2.22 – Percent of fracture surface with IGSCC as a function of applied
potential for alloy 600 tested at 350 ◦C using SSRT, from [68].
However, this study [68] was performed using a potentiostat to control the poten-
tial and this approach carries with it serious limitations. When using potentio-
stats to control the potential in comparatively electrically resistant environments
such as PWR primary water, the measured potential values must be corrected to
account for the IR drop across the solution. One major criticism of Totsuka and
Szklarska–Smialowska’s work [68] is the non-correction of the IR drop with the
resulting overestimation of the negative potentials obtained below −1000 mV.
As a result, the control of potential by hydrogen pressure has superseded po-
tentiostatic studies but it is not clear whether a conﬂict exists between the two
approaches. The general parabolic dependence of IGSCC on hydrogen pressure
centered at the Ni/NiO half-cell equilibrium over a narrow range of potential
(±100 mV) is commonly accepted.
Hydrogen has also been shown to inﬂuence the stress intensity factor threshold
KISCC by two authors, Soustelle et al. [103] and Caron [104], with a minimum
value around the Ni/NiO equilibrium and an increasing KISCC value for higher
and lower hydrogen partial pressures.
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2.3.11 Boric acid, lithium hydroxide, and pH
It is really diﬃcult to isolate the eﬀects of one of these parameters as they are
strongly interrelated. Usually when investigating the inﬂuence of one of these pa-
rameters, the other two are not kept constant which makes the distinction bet-
ween the contributions diﬃcult.
Szklarska-Smialowska et al. [105] performed SSRTs on alloy 600 tubing at dif-
ferent pH levels, solution compositions, and potentials at 250 ◦C and 350 ◦C. The
mode of cracking was found to be dependent upon temperature and pH of the so-
lution: transgranular at 250 ◦C and intergranular at 350 ◦C (except at pH 3.5).
Additionally, it has been demonstrated that the crack growth rate of alloy 600 in
primary water environment is at a minimum for pH values around 6–7 while it
increases slightly for more acidic or alkaline pH values as Figure 2.23 shows.
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Figure 2.23 – Inﬂuence of pH on crack velocity measured using SSRT at 350 ◦C
and constant-load test at 330 ◦C, from [105].
These ﬁndings contrast to some extent with two studies performed by Jacko and
Gold [90, 106]. The ﬁrst study reported shorter PWSCC initiation times in a
pH 7.2 environment at 310 ◦C [106] whilst the second demonstrated that crack
propagation is not aﬀected by the pH [90].
A recent study by Norring and Engström [81] was focussed on the eﬀect of li-
thium on crack initiation. RUBs were tested in PWR primary environments with
two lithium levels, 2.25 and 3.5 ppm (1200 ppm B, 320 ◦C). From the data in Fi-
gure 2.24 it is apparent that the increase in lithium content reduced the initiation
time by about 50 %. One major drawback of this approach is that the increased
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lithium content also results in an increased pH value making it diﬃcult to distin-
guish the inﬂuence of the lithium from the inﬂuence of the pH.
It is nevertheless interesting to link these results to Jacko and Gold’s study [106]
as the two lithium levels are below and above pH 7.2 at which the crack initia-
tion is at its minimum value. Therefore there are some indications that lithium
contents higher that 3.5 ppm could result in increased initiation times.
Regarding boron, no eﬀect of boron on the crack initiation has been reported at
this time [81].
Figure 2.24 – Inﬂuence of lithium on crack initiation, from [81].
2.3.12 Stress
Stress is important to IGSCC both for crack initiation from smooth surfaces and
for crack propagation from preexisting cracks as presented in Figure 2.25 [60].
SCC increases with increasing stress and laboratory results demonstrate that the
time to failure depends on the stress according to Equation 2.2:
tf = k·σ−n (2.2)
where tf is the failure time, k is a constant, σ is the applied stress, and n is the
stress exponent.
Some dispersion exists in the stress exponent values found in the literature: va-
lues from Figure 2.25 (a) and (b) are respectively 5.7 and 4 [60]. The creep rate of
high purity Ni-16Cr-9Fe alloys is also dependent on stress following a power-law
exponent (similar to n) of 4 as measured by Angeliu [50]. Therefore, the stress
exponent value n in Equation 2.2 is usually taken as 4.
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Figure 2.25 – Inﬂuence of stress on initiation time and failure time, from [60].
Additionally, SCC is also characterised by a high stress threshold for initiation,
close to the yield strength of the material as SCC occurs only on specimens stres-
sed above their yield strength [29, 42]. For propagation, the stress intensity factor
threshold KISCC is relatively low with values ranging from 5 to 15 MPa
√
m as
presented by Rebak [107] in Figure 2.26.
Figure 2.26 – Crack growth rate as a function of applied stress intensity factor,
from [107].
2.3.13 Strain
Recent work from Morton et al. [73] suggests that plastic strain may be a bet-
ter mechanical parameter than stress to characterise SCC initiation time. As the
results in Figure 2.27 indicate, plastic strain correlates well with SCC initiation
time even in the case of cold-worked materials if the prior strain from cold work
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is taken into account. On the other hand, there is no correlation when the same
results are plotted in terms of stress.
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Figure 2.27 – Correlation between initiation time and plastic strain, from [73].
Boursier et al. [43] demonstrated the correlation between crack growth rate and
strain rate during propagation. As can be seen in Figure 2.28 the correlation is li-
near with a slope of 0.58 which is consistent with results from other authors who
found a dependency according to ε˙ 0.66 [108].
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Figure 2.28 – Evolution of crack growth rates as a function of the strain-rate,
from [43].
Figure 2.29 compares the experimental data obtained on constant load and slow
strain rate tests by Boursier et al. [43]. It appears that the greatest crack depth
was obtained for the highest strain rates (5·10−8 s−1) regardless of the stress.
On the other hand, no signiﬁcant cracking occured during constant load test at
high stress levels (comparable to the stress level reached at the end of SSRT test 2)
for which the creep strain rate was estimated to be 10−10 s−1.
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Figure 2.29 – Comparative crack depths during the slow propagation stage in
SSRTs (5·10−8 s−1) and constant-load tests, from [43].
From these results, it was argued by the authors that strain rate rather than
stress seems to be the more suitable mechanical parameter to describe alloy 600
IGSCC. Provided that the stress level is above the stress threshold (usually the
yield strength of the material), it was proposed that the stress is only needed to
generate creep strain.
2.4 Modelling component life
Predictive equations for primary water stress corrosion cracking in alloy 600 were
ﬁrst established for steam generator tubes and later extended to pressuriser nozzles
and upper head CRDM penetrations [35]. Various empirical models have been de-
veloped using both deterministic and probabilistic approaches but the modelling of
alloy 600 component life is invariably based on the same empirical equation [109].
2.4.1 Empirical equation
Stress corrosion cracking of alloy 600 in primary water environments is depending
on three main parameters which are temperature, applied stress and material (na-
ture and microstructure). The empirical equation modelling alloy 600 component
life is given in Equation 2.3 [110].
tf = C ·
σ−4
Im
·exp
(
E
RT
)
(2.3)
where tf is the failure time, C is a constant, σ is the applied stress, Im is a ma-
terial susceptibility index, E is the apparent activation energy, R is the universal
gas constant, and T is the absolute temperature.
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The most inﬂuencing parameter is the temperature as stress corrosion cracking
of alloy 600 is a thermally activated phenomenon following an Arrhenius equa-
tion type dependency. Values of apparent activation energy are usually taken as
180 kJ/mol for crack initiation and 130 kJ/mol for crack propagation [7, 60, 111].
Regarding the stress, the dependency of the SCC process on the applied stress at
a power to the fourth is consistent with creep based processes or processes combi-
ning parabolic diﬀusion kinetics with stress intensity threshold for cracking [112].
2.4.2 Deterministic approach
Framatome and Electricité de France have developed a method to assess alloy 600
component life. This engineering model, called “Index Model” is based on a sys-
tem of material indices Im from Equation 2.3.
While for any component the temperature and operating stress can be calculated
or measured, the material susceptibility index cannot be assessed a priori. As a
result, a system of material susceptibility indices was determined from the mini-
mum time to failure of plant components. In cases where no service failures had
been recorded, laboratory corrosion tests and/or engineering judgement from ma-
nufacturing process and microstructure examinations were used [113]. Examples
of indices from several alloy 600 PWR components are presented in Table 2.1.
Table 2.1 – Predicted IGSCC minimum failure times for alloy 600 components in
PWR primary circuits, from [35].
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The reference for this system of material indices for alloy 600 has been determi-
ned so that a material susceptibility index of unity would correspond to a mini-
mum failure time of 10000 hours at a temperature of 325 ◦C under a stress of
450 MPa [7]. The constant C in Equation 2.3 was then adjusted and two others
indices were deﬁned according to these reference conditions, a temperature index
Iθ and a stress index Iσ given respectively in Equation 2.4 and 2.5 [109].
Iθ = exp
[(−E
R
)( 1
T
− 1598
)]
(2.4)
where Iθ is the temperature index, E is the apparent activation energy, R is the
universal gas constant, and T is the absolute temperature.
Iσ =
(
σ
450
)4
(2.5)
where Iσ is the stress index, and σ is the stress. The Index Model as deﬁned by
Framatome and EDF is obtained by combining Equations 2.3 to 2.5 [35]:
tf =
10000
Im· Iθ · Iσ
(2.6)
where tf is the failure time, Im is a material susceptibility index, Iθ is a tempe-
rature index, and Iσ is a stress index.
The Index Model has been employed to rank the diﬀerent alloy 600 zones, then to
rank the diﬀerent components within a given zone (after evaluating the operating
stress and temperature), and establish the appropriate surveillance and mainte-
nance strategies [7, 114].
So far, this deterministic approach has been useful for the ranking of cracking
susceptibility of components and the prediction of early cracking. However, it is
considered ineﬃcient for the assessment of the life of plant components or labo-
ratory specimens as the model is incomplete. For example, Vaillant et al. [115]
demonstrated that the Index Model does not account properly for the strong de-
leterious eﬀect of complex strain paths on RUB specimens, the less detrimental
inﬂuence of monotonic strain paths, or the susceptibility variations between dif-
ferent specimens types (e.g. RUB, constant load, or ovalised tubes) tested in si-
milar conditions.
These ﬁndings clearly indicate the need for an improvement of the Index Model
towards the prediction of the eﬀects of the material history on stress corrosion
cracking for more quantitative life assessment.
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2.4.3 Stochastic approach
In parallel to the deterministic approach, a probabilistic approach has been de-
veloped. This approach is based on the ﬁtting of a statistical distribution to the
stress corrosion cracking data. The ﬁtting is usually performed using the Weibull
distribution and is necessary to quantify the SCC data dispersion from accelera-
ted laboratory testing or plant components. The main advantage of the Weibull
distribution is that its linear transform given in Equation 2.7 can be ﬁtted to the
early failures in order to give reliable extrapolations of the increase of failure with
time [7, 109]:
ln
[
ln
( 1
1− F (t)
)]
= β· ln (t− t0) + β· ln (η − t0) (2.7)
where F (t) is the fraction of components failed, β is the shape parameter and
slope of the linear transform, t is the failure time, t0 is the origin of the distribu-
tion, and η is the characteristic life or scale parameter.
The Weibull distribution has been successfully applied to IGSCC in alloy 600
steam generator tubes and upper head penetrations [7, 116]. Nevertheless, such
approach gives only an average cracking kinetic of the failed components and
has a tendency to overestimate short and long term cracking behaviour [7], as
Figure 2.30 indicates. A good illustration would be the overestimation obtai-
ned when applying the Weibull adjustment to uncracked components or compo-
nents with signiﬁcant crack initiation level which might remain acceptable for ser-
vice [114].
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Figure 2.30 – Stochastic approach for vessel head nozzle, from [114].
The following step in improving the stochastic approach was the introduction of
Monte Carlo simulation technique. The Monte Carlo approach considers the in-
herent dispersion in the input parameters of stress, material susceptibility index,
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temperature, and activation energy as indicated in Figure 2.31. The distribution
of failure times is obtained by randomly sampling distributions of the input pa-
rameters of the Index Model (Im, Iσ, and Iθ) [114].
Iθ = exp[−ER( 1T − 1T0)]
Iσ = (
σ
σ0
) 4
tf =
10000
Im · Iσ · Iθ
Figure 2.31 – Schematic representation of the Monte-Carlo approach, from [114].
This approach is considered to provide a more realistic distribution of the failure
times than the Weibull approach, as shown in Figure 2.30. Moreover, when re-
peated many times, the Monte Carlo simulation technique allows to obtain uncer-
tainty associated to failure time prediction according to a given conﬁdence level.
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Chapter3
Mechanistic models
Since alloy 600 was discovered to be susceptible to stress corrosion cracking by
Coriou et al. in 1959 [36], several mechanisms have been proposed to model
PWSCC. Even though it seems that a single model cannot explain in detail the
SCC process, several of the proposed models produce a reasonable estimation of
the crack growth rate in certain conditions and some may establish the incuba-
tion time observed in nuclear power plants [107].
From all the models available in the literature, the three models presented here
(slip-dissolution, corrosion enhanced plasticity, and internal oxidation) are more
likely to be relevant to the PWSCC process. A broader overview of the mecha-
nisms available is available elsewhere [16, 49, 99]. Any successful mechanistic mo-
del for IGSCC of alloy 600 should be able to account for the main observed expe-
rimental characteristics, which may be summarised as follows [7, 112, 117–119]:
• apparent initiation times in PWR plant of up to 25 years,
• considerable heat to heat variability in service with a factor of up to 50
between the best and worst heats even when all other inﬂuencing parameters
remain constant,
• strong eﬀect of carbide distribution with intergranular carbides favorable
and intragranular carbides unfavorable,
• detrimental inﬂuence of cold-work and surface cold-worked layers,
• apparent continuous mechanism of cracking between 286 ◦C sub-cooled wa-
ter and 400 ◦C superheated steam,
• important inﬂuence of hydrogen partial pressure with greatest susceptibility
to IGSCC centered on equilibrium potentials of Ni/NiO (ENi/NiO ± 80 mV),
• high apparent activation energy of 180 kJ/mol for crack initiation and
130 kJ/mol for crack propagation, and
• high stress exponent of ≈ 4 for lifetime to failure and high stress threshold.
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3.1 Slip-dissolution model
The slip-dissolution model, sometimes called the ﬁlm-rupture or slip-oxidation
model, was ﬁrst formulated by Logan in 1952 [120] and later developed by Par-
kins [121], Ford and Andresen [122–124], and more recently by Newman [125–127]
and Hall [128–130]. It may be the simplest conceptual model describing crack
growth but it has been successfully employed to predict IGSCC of sensitised or
solution annealed and cold-worked stainless steels and nickel base alloys in boi-
ling water reactors (BWR). This is the reason why the extension of this model
from BWR to PWR conditions has been proposed by Andresen [131].
The model postulates that the crack growth proceeds by a cyclic process of ﬁlm
rupture, dissolution and ﬁlm repair as illustrated by Figure 3.1. The three fun-
damental steps of the slip-dissolution mechanism are detailed below:
1. fracture of the protective or partially protective oxide ﬁlm by dynamic plas-
tic strain in the underlying metal at the crack tip,
2. oxidation/passivation of the crack walls and an extremely localised anodic
dissolution of the bare metal at the crack tip, and
3. re-passivation of the crack tip.
Figure 3.1 – Schematic illustration of elements of slip dissolution (ﬁlm-rupture)
model for environmentally-controlled crack propagation, from [122].
The crack thus advances due to localised metal loss at the crack tip without me-
chanical rupture other than that of the ﬁlm. The rate of anodic reaction on adja-
cent crack walls must be suﬃciently low relative to the crack growth rate in order
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to retain the crack geometry. The crack propagation rate (CPR) depends on the
extent of mass loss after a single ﬁlm rupture event and on the frequency of the
rupture events. The extent of mass loss will be determined by the product of the
charge transferred per ﬁlm rupture event (deﬁned as the oxidation charge density)
and the mass released per unit transferred charge. The frequency of ﬁlm rupture
events will be function of the ﬁlm fracture strain and of the crack tip strain rate.
Quantitative predictions of the crack propagation rate by the slip-dissolution me-
chanism are therefore based on the Faradaic relationship with oxidation charge
density and on the crack tip strain rate as presented in Equation 3.1 [124]:
Vt =
M
ρz F
· Qf
εf
· ε˙ct (3.1)
where Vt is the average crack propagation rate, M and ρ are respectively the ato-
mic weight and density of the crack tip metal, z is the number of electrons in the
overall oxidation of a metal atom, F is the Faraday constant, Qf is the oxidation
charge density, εf is the oxide fracture strain, and ε˙ct is the crack tip strain rate.
By assuming complete repassivation between rupture events and power law beha-
viour (type i = i0 ·(t/t0) n) for the repassivation current, Ford [123] developed
from Equation 3.1 the starting point of the methodology for quantitative predic-
tions which is presented in Equation 3.2 (the assumptions made and details of the
corresponding calculations can be found in [124, 131, 132].
Vt =
M
ρz F
· i0 · t
n
0
(1− n) εnf
· (ε˙ct)n (3.2)
where Vt is the average crack propagation rate, M and ρ are respectively the ato-
mic weight and density of the crack tip metal, z is the number of electrons in the
overall oxidation of a metal atom, F is the Faraday constant, i0 is the bare sur-
face dissolution current density, t0 is the time for repassivation, n is a value that
accounts for the reaction rate at the crack tip, εf is the oxide fracture strain, and
ε˙ct is the crack tip strain rate.
Equation 3.2 can also be expressed according to Andresen [131] as “an appealing
and elegant expression” presented in Equation 3.3:
Vt = A· (ε˙ct)n (3.3)
where Vt is the average crack propagation rate, A and n are constants which
represent the eﬀects of the environment and material chemistries, and ε˙ct is the
crack tip strain rate.
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The principal interest of the slip-dissolution model is that it is the only quanti-
tative crack propagation model and has been successfully applied to predict IG-
SCC of sensitised and cold-worked stainless steels and nickel based alloys in the
more oxidising environments that characterise BWRs. Equation 3.2 is the star-
ting point of the quantitative capabilities of this model but the equation’s para-
meters need to be linked to suitable measurable engineering or operational para-
meters [123]. A review paper by Rebak and Szklarska-Smialowska [107] demons-
trated the model’s capability to predict crack growth rates of alloy 600 steam ge-
nerator (SG) tubes tested under constant load in open circuit condition in water
at 330–360 ◦C (pH 7–8) and in steam at 400 ◦C. In this study [107], the model
also predicted the decrease of threshold stress intensity factor KISCC with increa-
sed environmental eﬀect (lower value of n) as shown in Figure 3.2.
(a) Collected experimental data (b) Experimental and predicted values
Figure 3.2 – Comparison between CGR values predicted by the slip-dissolution
model and experimental data, from [107].
Additionally, the slip-dissolution model has been regarded as one of the strongest
candidates to explain SCC of alloy 600 as it is fully consistent with the eﬀect of
the strain rate observed during SSRT experiments [111]. This model is not only
fully quantitative but gives a simple analytical expression of the average crack
propagation rate. The expression given in Equation 3.3 is a power function of the
strain rate which is empirically supported with a n exponent value experimentally
measured close to 0.5.
However, this mechanistic model has a number of limitations as it does not pre-
dict accurately several observed parametric eﬀects. Perhaps the most serious ﬂaw
of the slip-dissolution approach is the lack of correlation between the potential
dependence of SCC and the ﬁlm repair kinetics [112, 133]. As Figure 3.3 demons-
trates, the ﬁlm repair kinetics decreases continuously with decreasing hydrogen
partial pressure whereas the crack growth rate follows a parabolic evolution with
its maximum around the Ni/NiO equilibrium potential (35 kPa at 360 ◦C). Mo-
reover, the activation energy of such ﬁlm repair transients is typically small com-
pared to the observed crack propagation activation energies.
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Figure 3.3 – Comparison of ﬁlm repair kinetics and crack propagation rates in
hydrogenated water at 360 ◦C, from [112] (the values plotted to characterise the
ﬁlm repair kinetics are the excess anodic current measured on a tensile specimen
strained at 6 % at 10−2 s−1 under controlled potential).
The eﬀect of the temperature is also inadequately accounted for by the model as
it appears diﬃcult to correlate the high inﬂuence of temperature on crack pro-
pagation (section 2.3.9) with the relatively low eﬀect of the temperature on the
dissolution process (oxidation charge density).
Another parameter poorly described by the slip-dissolution model is sensitisation
at the low corrosion potential in PWR water. As the crack advance described by
the model occurs by dissolution of the bare metal at the crack tip, a zone deple-
ted in chromium at the grain boundary would oxidise faster in the more oxidising
BWR environment, leading to higher crack growth rates. However, this is not ex-
pected to occur in the less oxidising PWR primary water environment.
Finally, even if the slip-dissolution model does not describe crack initiation, the
rupture of thick ﬁlms (> 100 nm) by strains due to creep or relaxation are unlikely
under static loading, particularly after thousands of hours of relaxation creep [111].
3.2 Corrosion enhanced plasticity model
The corrosion enhanced plasticity model (CEPM) was introduced by Magnin et al.
in 1990 [134] to explain apparently brittle transgranular stress corrosion cracking
of 316 stainless steel in a 153 ◦C MgCl2 solution. This model is based on the in-
teraction between corrosion and local crack tip plasticity conditions and succes-
sive versions [44, 45, 135–137] have been made for the model to account for inter-
granular SCC. In its latest form [138], the model is divided into six steps detailed
below and reported in Figure 3.4.
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1. Slip planes activated at the crack tip in the vicinity of a grain boundary
depassivates the alloy and localised anodic dissolution occurs on these {111}
planes.
2. The localised corrosion on the slip planes produces a local enhanced plas-
ticity by vacancy production (anodic dissolution) and hydrogen absorption.
In this step, the corrosion role is essential by localising and enhancing the
slip activity at the crack tip thus reducing the crack blunting.
3. Away from the crack tip, emitted dislocations interact with obstacles crea-
ting dislocations pile-ups where the stress increases. The obstacles can be
precipitates, dislocation bundles, or the interface between a diﬀusion zone
(enhanced plasticity) near the surface and a previously hardened zone.
4. If the obstacles are strong enough, the localKIC can be reached thus creating
a crack embryo at the obstacle (particularly if the local KIC is lowered by
hydrogen absorption along the slip plane).
5. The cohesion energy of the {111} micro-facets can decrease because of ab-
sorption (of hydrogen for instance) and the normal stress can be suﬃcient
to open the crack along the {111} slip plane (step 5a). To accommodate the
crack tip plasticity, dislocations are emitted on a symmetrical plane relative
to the general crack plane, shielding the new crack tip and local transgranu-
lar (pseudo-intergranular) occurs. Alternatively, depending on the crystal-
lographic orientation, the normal stress for cracking can be maximum along
the grain boundary and intergranular cracking then occurs (step 5b).
6. This process is expected to lead to periodic changes of crack planes creating
a zigzag micro-cracking occurring along the {111} slip planes.
Figure 3.4 – Steps of the corrosion enhanced plasticity model, from [45].
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The main characteristic of the CEPM model of Magnin et al. is that it has a
strong mechanical component, and it combines the eﬀects of hydrogen and ano-
dic dissolution. As a result, the interaction between corrosion and local crack tip
plasticity reported in many studies [138–143] supports this model. Consequently,
most of the strengths of this model are linked to the eﬀects of hydrogen.
From the model, high hydrogen contents at the crack tip are predicted to lead to
a faster crack propagation by lowering KIC and decreasing the cohesion energy of
{111} slip planes and grain boundaries (steps 2 to 5). This prevision is consistent
with the observed detrimental eﬀect of cathodic potential applied during SSRT
experiments [45].
A key step of the model is the local enhanced plasticity resulting from the inter-
actions between hydrogen and dislocations. This enhanced plasticity is supported
by both experimental and numerical simulation results [138]. For example, Fi-
gure 3.5 shows the concentration of hydrogen in the tensile zone of the glide plane
(a) and the resulting screening of the resolved shear stress (b). The deleterious
eﬀect of cold work can also be explained by the CEPM in terms of hydrogen-
dislocation interaction. Cold work (or any material hardening) can increase the
dislocation density in the hardened zone (Figure 3.4) thus making cracking easier
at the interface between diﬀusion zone and hardened zone (step 4).
(a) Equilibrium hydrogen distribution (b) Hydrostatic stress
Figure 3.5 – Inﬂuence of equilibrium hydrogen distribution around a single edge
dislocation at T = 390 K, from [138].
One of the characteristic aspects of the CEPM mechanism is the possible forma-
tion of cracking on microfacets along {111} planes at the vicinity of the grain
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boundaries that might appear as pseudo-intergranular cracking. The CEPM mo-
del is the only model to account for the experimental occurances of transgranu-
lar cracking in single crystals and pseudo-intergranular cracking in polycrystalline
alloy 600 as presented in Figure 3.6. Moreover, the model proposes a possible
fracture mechanism which predicts crack crystallography encountered on fracture
surfaces [45].
(a) Monocrystal alloy 600 (b) Polycrystal alloy 600
Figure 3.6 – Fracture surface of alloy 600 monocrystal and polycrystal strained in
primary water at 360 ◦C, from [45].
The CEPM model is clearly a propagation model as it attempts to explain exactly
how crack propagation occurs. One of the resulting limitations is that the ini-
tiation stage is totally omitted. A second limitation comes from the fact that
macroscopic parameters cannot be readily related to the phenomena occurring at
the crack tip, thus making quantiﬁed CGR predictions inaccessible. According
to Newman [144], the model is “elegant and plausible but can be tested only by
fractography, which is bound to be inconclusive”.
A stronger objection to the CEPM model is the fracture mode. The model was
ﬁrst developed to describe stress corrosion cracking of 316 stainless steel in MgCl2
solution and the resulting transgranular fracture [134] whereas SCC of alloy 600
is mostly intergranular. The implementation of the CEPM to intergranular cra-
cking so far misses important inputs such as the deﬁnition of obstacles capable of
producing dislocation pile-ups [111, 145].
The inﬂuence of the temperature is usually thought to be discriminating towards
the CEPM as hydrogen embrittlement becomes negligeable above 150 ◦C. Never-
theless when SCC testing is performed in conditions where hydrogen is produced
(e.g. SSRT experiment with applied cathodic potential, fatigue corrosion, or pro-
pagation test under hydrogen gas pressure), the softening eﬀect of hydrogen can
be observed at temperatures above 300 ◦C. This suggests a damaging eﬀect of the
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hydrogen if the mechanical and electrochemical conditions promote a very high
hydrogen activity level. However, a high hydrogen activity level would impose a
high hydrogen fugacity at the crack tip which is not consistent with the experi-
mental data available in the literature.
A critical point to assess the CEPM model is the evaluation of the hydrogen
activity at the metal/oxide interface on a free surface and at the crack tip [111].
3.3 Internal oxidation model
Internal oxidation (IO) is a particular form of corrosion in which the oxidising
conditions does not allow signiﬁcant oxidation of the major matrix element. The
less noble alloying elements are thus oxidised within the material leaving the
solvent metal untouched. It is a severe problem for nickel base alloys, more pre-
cisely superalloys, as this damage mechanism is usually encountered at relatively
high temperature, i.e. 800 to 1100◦C [146]. In 1993, Scott and Le Calvar [117]
proposed the extrapolation of the internal oxidation to lower temperatures (be-
low 450 ◦C) and the internal oxidation model as a possible mechanism for IGSCC
of alloy 600 in primary water environments.
From a thermodynamic point of view, primary PWR environment (high tempera-
ture deaerated water) is favorable for internal oxidation to occur as it does not al-
low signiﬁcant oxidation of the nickel matrix (as shown by the Pourbaix diagram
in Figure 2.19). Additionally, in such environments, the nickel oxide is stable and
chromium, iron and carbon being less noble can oxidise and lead to internal oxi-
dation.
The mechanistic concept of the internal oxidation model is the embrittlement of
grain boundaries based on the diﬀusion of oxygen into the metal lattice which can
occur by three mechanisms [87, 107, 117]:
• formation of gas bubbles,
• formation of an internal oxide,
• adsorption of oxygen on grain boundaries, or
• release of embrittling elements1 (e.g. S or P).
The oxidation damages the metal surface resulting in grain boundary oxidation
and embrittlement leading to the crack initiation (creation of intergranular mi-
crocracks under the applied stress). The crack propagation is thought to proceed
in a similar way with periodic grain boundary oxidation/embrittlement and crack
1 This mechanism was discarded from the beginning as no impurity elements were systema-
tically found on alloy 600 grain boundaries.
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advance in the oxidised and embrittled grain boundary [119]. A representation of
the internal oxidation mechanism is given in Figure 3.7.
Figure 3.7 – Schematic representation of the internal oxidation model, from [147].
For crack initiation, it is envisaged that a slow oxidation of the grain boundary
occurs until a critical crack depth is reached. Once the critical crack depth is
reached, the applied stress ruptures the oxide ﬁlm which triggers crack propaga-
tion. Assuming that the oxidation follows parabolic kinetics, the time ti required
to reach the critical depth acr is given by Equation 3.4 [119]:
ti ∝ acr2 (3.4)
According to the linear elastic fracture mechanics, the critical stress intensity
factor for onset of crack growth, KISCC , is deﬁned as KISCC = σ
√
π· acr . The
time to initiate detectable cracking is thus given in Equation 3.5 [119]:
ti ∝ (KISCC/σ)4 (3.5)
where ti is the initiation time, KISCC is the critical stress intensity factor, and σ
is the applied stress.
A similar approach can be taken for the crack propagation: cracks propagate by
alternative selective oxidation at the crack tip and mechanical micro-rupture of
grain boundaries embrittled by a Cr-rich oxide. A recent approach proposed by
Laghoutaris [99] is based on the inﬂuence of defects, e.g. dislocations and vacan-
cies, on the ionic diﬀusion kinetics. From the work of Marchetti-Sillans [148], it
appears that the oxide growth is anionic, which implies that the formation of Cr-
rich oxide Cr2O3 is dependent on oxygen diﬀusion through the oxide to the metal
and chromium diﬀusion within the metal matrix. The oxygen is thought to dif-
fuse along the grain boundaries of the oxide as has been proposed for the general
corrosion of nickel base alloys [148]. The transport kinetics of chromium can be
activated by strain and the resulting high defect density. Therefore, the forma-
tion of Cr2O3 could be promoted and lead to the creation of a chromium deple-
ted zone. A single cracking event following Laghoutaris’ approach is represented
in Figure 3.8. However, cracking events are considered to occur at the crack tip
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by intervals of few tens of nanometers rather than in the range of microns as as-
sumed for crack initiation [112]. Modelling IGSCC of alloy 600 therefore requires
data on the kinetics and rate controlling processes of grain boundary oxidation
and chromium diﬀusion at the crack tip, and how they are aﬀected by stress, mi-
crostructure, and environment [112].
NiO structure
polycristals
Ni(Fe,Cr)2O4 Cr depleted area
NiO Cr2O3
Grain boundary
(a)
σ ext.
Cr
Cr
O O
crack
Grain with higher strain
(high defect density)
Grain with lower strain
(low defect density)
(b) Crack tip at t
Cr2O3 -> Ni(Fe,Cr)2O4
(c) Crack tip at t + Δt
Figure 3.8 – Schematic representation of crack propagation, from [99].
The internal oxidation model is currently viewed as the most likely mechanism
to explain occurrence of SCC of alloy 600 in PWRs. The main strengths of
the IO model are the experimental observations related to oxygen. First, stu-
dies [49, 118, 149] have reported the presence of oxygen in the grain boundaries
below the metal-oxide interface of ally 600. As can be seen Figure 3.9, SIMS ex-
periments from Delabrouille [49] demonstrated deep penetration (up to 10 μm) of
oxygen at triple grain boundaries and shallower penetrations on grain boundary
planes between triple grain boundaries.
(a) 0.3 μm (b) 1.1 μm (c) 1.9 μm (d) 4 μm
Figure 3.9 – SIMS image with 16O− at diﬀerent depth, from [49].
77
3. Mechanistic models I. Literature Review
Second and most importantly, several independents authors [118, 150, 151] have
established the embrittling eﬀect of oxygen on grain boundaries. Thin foils of
alloy 600 were exposed to primary water or hydrogenated steam in the absence
of applied stress, then strained at room temperature. Results presented in Fi-
gure 3.10 show intergranular micro-cracking at grain boundaries caused by the
formation of grain boundary oxides [149, 151]. Alloy 690 TT and 800 tested in
the same conditions would not embrittle [151] which is consistent with their bet-
ter SCC resistance.
(a) (b)
Figure 3.10 – Grain boundary embrittlement by oxygen of unstressed alloy 600
foils following exposure to primary water at 360 ◦C, from [150].
The crack tip structure of IGSCC in alloy 600, as reported in the literature [112,
152–156], appears to be consistent with internal oxidation. The particular struc-
ture revealed by Thomas and Bruemmer [152] using high resolution TEM cha-
racterisations on specimens exposed to primary water at 330 ◦C is represented in
Figure 3.11.
IG Attack (Tapers from ~10 to 2-nm Wide, μm Deep) Ends Within Grain Boundary
H2O
Alloy 600 Base Metal:  Ni-16Cr-7Fe
Porous NiO-Structure Oxide, Minor Cr 2O3 + Ni-rich Metal
Pores
Beyond Tip
Figure 3.11 – Schematic representation of crack tip structure of alloy 600 subjected
to PWSCC, from [155].
The walls of the crack are covered by NiO structure oxide (although its metal
atom ratios are similar to those of the alloy matrix [152]), by traces of Cr2O3, and
nickel rich metal. At the crack tip, there is presence of chromium oxide Cr2O3 as
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well as porosity: the crack tip ends as nanometer wide penetrative grain boun-
dary attack creating porous, non-passive nanocrystalline oxide. These observa-
tions are consistent with a stress-assisted grain boundary oxidation process ope-
rating through a non-protective oxide at the crack tip [155].
The elemental process of the internal oxidation model, the diﬀusion of oxygen
atoms along grain boundaries, can explain the inﬂuence of important microstruc-
tural parameters such as grain boundary carbides, grain boundary character and
cold work. Intergranular chromium carbides can either act as oxygen traps by
creating chromium oxides or simply as obstacles to oxygen transport along grain
boundaries [111]. Experimentally, Panter et al. [149, 157] observed a local enrich-
ment in chromium and oxygen at a triple junction (Figure 3.12) which is consistent
with oxygen consumption to oxidise carbides. This explains the observed beneﬁ-
cial eﬀect of intergranular carbides despite the resulting sensitisation.
(a) Backscattered electron FEG SEM image (b) EDX proﬁles
Figure 3.12 – EDX analysis of a triple junction, from [157].
Concerning grain boundary character, CSLBs are highly ordered grain bounda-
ries which are expected to have higher fracture energy and thus fracture less fre-
quently [50]. CSLBs are also thought to have a lower diﬀusivity than HABs as
Alexandreanu [158] shown that the self-diﬀusion activation energy is higher for
CSLBs than for HABs. Moreover, Yamaura et al. [159] reported a better inter-
granular oxidation resistance of CSLBs in Ni–40 % Fe alloy oxidised at 1000 ◦C.
Regarding cold work, it could favour micro-cracking by increasing local stresses,
resulting in a possible acceleration of Cr and O transport [111].
The temperature dependence of alloy 600 IGSCC is also in favour of the internal
oxidation model. Intergranular cracking of Ni3Al between 500 ◦C and 760 ◦C [92]
and of alloy 718 between 425 ◦C and 725 ◦C are incontestably caused by internal
oxidation [93]. Data gathered by Scott [93] in Figure 3.13 show that the tempera-
ture dependence of alloy 600 is similar to that of Ni3Al and alloy 718, suggesting
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an analogous degradation process. Moreover, the relatively high values of activa-
tion energies usually encountered, 180 kJ/mol for initiation and 130 kJ/mol for
propagation, are consistent with solid state diﬀusion. For example, the activation
energy for grain boundary oxygen diﬀusion in pure nickel is 110 kJ/mol [87, 92].
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Figure 3.13 – Arrhenius plot of oxygen induced cracking above 425 ◦C and IGSCC
below 425 ◦C of various Ni-based alloys, from [93].
Finally, the IO mechanism is the only one describing both initiation and propa-
gation stages. The analysis of initiation based on Equation 3.4 and the resulting
time to initiate a detectable cracking in Equation 3.5 is consistent with incuba-
tion periods recorded in nuclear power plants (up to 25 years).
One of the known problems of the internal oxidation model is to reconcile inter-
granular oxidation rates with solid state diﬀusion of oxygen at grain boundaries.
The early analysis by Scott and Le Calvar [87, 117] of diﬀusion data from Wood-
ford et al. [160, 161] was performed by adapting intergranular self-diﬀusion data
of nickel to intergranular diﬀusion of foreign atoms. Results shown that oxy-
gen diﬀusion kinetics were insuﬃcient by several orders of magnitude to explain
the observed IGSCC growth kinetics. Besides, a more extensive review of crack
growth rate data [93], particularly from alloys 718 and 600, demonstrated that
it is impossible to correlate the crack growth rates with the diﬀusion data alone
as Figure 3.13 shows. The inconsistency was also pointed out by Stahele and
Fang [162] as presented in Figure 3.14. The graph illustrates a discrepancy of at
least two orders of magnitude between the experimental data and the required
diﬀusion coeﬃcient predicted by Scott and Le Calvar [117] (i.e. Scott’s assump-
tion curve). Another objection from Stahele and Fang [162] was that Scott and
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Le Calvar’s extrapolation was based only on the lower temperature data from
Woodford et al. [160, 161] in Figure 3.15 whereas an extrapolation based on the
full data set2 would have predicted much lower diﬀusion kinetics.
Figure 3.14 – Temperature dependence of oxygen diﬀusion coeﬃcient in nickel,
from [163].
Figure 3.15 – Scott and Le Calvar’s extrapolation for internal oxidation from
Woodford et al. data [160, 161], from [163].
2 The data from Woodford et al. are linearly monotonic over a broad range of temperatures
as shown in Figure 3.15, suggesting that all of the data should be included in a correlation.
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However new hypotheses have emerged to try to solve the diﬀusion kinetic pro-
blems mentioned above. The ﬁrst assumption was that stress or strain assisted
grain boundary oxidation [112] could increase oxygen diﬀusion, as has been de-
monstrated in alloy 718 [164]. This idea was nevertheless discarded due to the fact
that the same discrepancy in terms of diﬀusion coeﬃcients is encountered to ex-
plain intergranular internal oxidation rates of stress-free specimens [112, 165, 166].
The second hypothesis is linked to observations of porosity in Ni/Cr alloy oxidised
at high temperature as reported in Figure 3.16. It is believed that fast oxygen pe-
netration can be achieved by diﬀusion of oxygen atoms along void tunnels or along
incoherent metal/oxide interfaces [93]. Additionally, chromium depletion due to
precipitation of Cr2O3 is thought to broaden the section through which oxygen
can diﬀuse unimpeded [93], whereas a non-connected porosity could greatly de-
crease the oxygen diﬀusion kinetics [112].
Figure 3.16 – Schematic representation of internal oxidation morphology in a
Ni/Cr alloy at 1000 ◦C, from [165].
The third hypothesis investigates the role of vacancies in the transport processes.
Combrade et al. [133] found a chromium depleted metal layer underneath the sur-
face oxide similar to that observed by Seo and Sato [167] on several Ni-Cr alloys
oxidised in gaseous atmospheres at higher temperature (450–550 ◦C). Following
the work from Pickering and Wagner [168], Seo and Sato [167] attributed the Cr
depletion to an accelerated diﬀusion of chromium due to massive vacancy injec-
tion into the base metal during oxidation. The diﬀusion kinetics of oxygen as va-
cancy pairs would then be increased and would then be consistent with the obser-
ved IGSCC growth kinetics [112, 169]. The underlying idea in the two later hypo-
theses is an oxidation rate controlled by solid state ion diﬀusion even though the
environment has direct access to the oxide-metal interface [112]. Experimentally,
recent analysis of SIMS proﬁles from Laghoutaris et al. [99, 147] in Figure 3.17
has demonstrated that the oxygen diﬀusion at grain boundaries (DGB) supports
Scott’s assumption [117] for internal oxidation.
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DGB
DApp
DBulk
Figure 3.17 – Oxygen diﬀusion coeﬃcient in nickel determined from SIMS measu-
rements, from [147] (DGB is the diﬀusion coeﬃcient at grain boundaries, DApp is
the apparent diﬀusion coeﬃcient, and DBulk is the bulk diﬀusion coeﬃcient).
Another limitation of the IO model is the dependence upon potential (as descri-
bed in section 2.3.10 page 53). An internal oxidation process is expected to show a
parabolic potential dependency with its maximum near the equilibrium potential
for oxidation of the solvent metal (in this case Ni). Furthermore, the potential de-
pendency of the crack propagation rate (Figure 3.3 page 71) correlates well with
that of the growth rate of oxide ﬁlm and/or to the formation of a Cr depleted zone
underneath the surface oxide scale as Figure 3.18 illustrates [112]. Despite these
supporting elements, the origin of the eﬀect of potential remains unclear [111].
n
m
kPa
Figure 3.18 – Oxide thickness and chromium depletion versus hydrogen overpres-
sure, from [112].
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The critical points to prove or disprove an internal oxidation mechanism for IG-
SCC are principally linked to the transport phenomena in base metal and at grain
boundaries. Understanding the role of vacancies injected by oxidation in the trans-
port processes and the role of hydrogen for vacancy/hydrogen interactions are key
factors [119]. Assessing the eﬀect of strain on diﬀusion also appears to be impor-
tant. Recent results from Laghoutaris et al. [99, 170] showed that the chromium
depletion ahead of the crack tip was increased in the most strained grain. Impro-
ving the understanding of the embrittling phenomena is necessary as well, which
of IG oxide, Cr depletion adjacent to and ahead of IG oxide, vacancy condensa-
tion and nanovoids, or hydrogen concentration in relation to vacancy-hydrogen
interactions [119] is most relevant? Finally, the determination of whether stress
or strain rate is the critical parameter for micro-crack formation could be discri-
minating [119].
3.4 Model discussion
The main conclusions coming from the detailed analysis of the mechanistic mo-
dels are discussed and summarised below.
The best feature of the slip-dissolution model is that it is practical and combines
a theoretical approach with data ﬁtting [107]. This model has been successfully
employed to predict crack growth rates in both BWR and PWR environments
but the crucial lack of experimental support (potential dependence, temperature,
sensitisation. . .) tends to discriminate against this model.
The corrosion enhanced plasticity model was initially developed for transgranular
cracking and was later extended to cracking of grain boundaries favorably orien-
ted versus crack tip. However, the CEPM so far misses important input that
could explain the implementation from trans to intergranular (such as obstacles
capable of creating dislocations pile-ups). The critical point to assess the corro-
sion enhanced plasticity model remains the evaluation of the hydrogen activity at
the metal/oxide interface.
The internal oxidation model explains most of the known major thermodynamic
and kinetic trends observed experimentally. The incubation time, continuous
IGSCC mechanism between sub-cooled water and superheated steam, inﬂuence
of carbon content and microstructure, and activation energy range all support an
internal oxidation process. The stress and temperature dependency, even though
not speciﬁc to an oxidation process, are consistent with the IO model. A similar
remark can be made for the eﬀect of potential which is unclear although similar
to other cases of internal oxidation.
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From the detailed analysis of the mechanistic models, it appears that the most li-
kely model for alloy 600 IGSCC is the internal oxidation. However, the diﬀusion
kinetics of oxygen at grain boundaries still remain problematic. The early objec-
tions linked to the discrepancy between intergranular oxidation rates with solid
state diﬀusion of oxygen at grain boundaries are fading with the introduction of
new hypotheses (role of porosity, vacancies and hydrogen, strain) and some recent
evidence supporting Scott and Le Calvar’s predictions [147]. Nevertheless the ab-
sence of appropriate diﬀusion data render the development of a quantiﬁed model
diﬃcult.
To obtain a better understanding of the cracking process of alloy 600 in primary
water, several parameters must be investigated. First and foremost, the diﬀusion
kinetics of oxygen along grain boundaries: it is clear that it is the key parame-
ter in assessing the internal oxidation model. Second, the role of hydrogen also
must be clariﬁed. The activity of hydrogen at the metal/oxide interface must be
determined to assess the CEPM mechanism. The interactions of hydrogen with
dislocations, vacancies and the enhancement of grain boundary embrittlement are
of great interest. Finally the nature and structure of the oxides, whether at the
surface or at the crack tip, are fundamental to understand alloy 600 cracking.
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PART II
Techniques and Modelling

Chapter4
Experimental
This chapter covers the experimental techniques employed in this study: the
methodologies, stress corrosion cracking testing and characterisation techniques
will be described in detail.
4.1 Specimen orientation
Two components are under investigation in this study: a forged control rod drive
mechanism (CRDM) nozzle WF675 and a rolled divider plate (DP) 78456/337.
Several strain paths have been produced in both components by machining spe-
cimens with diﬀerent orientations as presented in Figure 4.1.
Regarding the CRDM nozzle in the as-received condition, a bar has been cut out
from the nozzle and then the SCC testing specimens have been cut with three dif-
ferent orientations relatively to the revolution axis. For the cold-worked material,
the cold work has been applied by tensile straining at room temperature at 15 %
strain (15 % CW) on another bar cut from the nozzle, then the specimens have
been machined similarly to the as-received material. The orientation deﬁnition is
therefore the same for both as-received and cold-worked materials, as follows:
• axial orientation (A), when the pre-straining (machining or cold work) di-
rection and SCC testing direction are identical,
• circumferential orientation (C), when pre-straining and testing directions
are perpendicular,
• 45◦ orientation (45◦), when pre-straining and testing directions are at an
angle of 45◦.
Concerning the divider plate, a bar has been cut out from the plate and tensile-
strained at room temperature at 21 % strain (21 % CW) in the rolling direction.
Therefore, the strain applied by uniaxial tension is in the rolling direction. Then,
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(a) Forged CRDM nozzle WF675
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T
Longitudinal orientation (L)
Transverse orientation (T)
(b) Rolled divider plate 78456/337
Figure 4.1 – Specimen orientations for WF675 and 78456/337 materials.
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SCC specimens have been machined with three diﬀerent orientations relative to
the rolling direction:
• longitudinal orientation (L), when pre-straining (cold work) direction and
SCC testing direction are parallel,
• transverse orientation (T), when pre-straining and testing directions are
perpendicular, and
• 45◦ orientation (45◦), when pre-straining and testing directions are at an
angle of 45◦.
4.2 Strain path
Sequential deformations have been studied in details in several publications [171–
173] and a scalar parameter was proposed by Schmitt et al. [174] to measure the
magnitude of a change of strain path.
The present work follows the work from Couvant et al. [175] where the strain paths
are diﬀerentiated using the parameter β, deﬁned in Equation 4.1. The scalar β
is equal to the normalised double-contracted tensor product between the plastic
strain rate mode during pre-straining, ε1, and the subsequent plastic strain rate
mode during stress corrosion cracking testing, ε2.
β = ε1 : ε2‖ε1‖ · ‖ε2‖ (4.1)
where β is the parameter characteristic of the strain path, ε1 is the strain tensor
corresponding to the pre-straining, and ε2 is the strain tensor corresponding to
straining during SCC testing.
The parameter β is characteristic of the strain path, which is a direct consequence
of the specimen orientation as the pre-straining and SCC testing respectively
deﬁne ε1 and ε2.
4.3 Mechanical testing
Mechanical properties of the materials at 360 ◦C have been measured in order to
plan the stress level to apply during stress corrosion cracking testing. Mechanical
testing has been performed according to BS EN 10002-5:1992 standards regarding
tensile testing of metallic materials at elevated temperatures on an Instron tensile
machine ﬁtted with an Adamel 20/MH furnace. Two specimens have been assessed
for each test and the data have been processed with TestWorks 4.08B software.
91
4. Experimental II. Techniques and Modelling
4.4 Stress corrosion cracking testing
Two types of stress corrosion cracking tests have been performed: slow strain rate
tests and constant load tests. For the constant load tests, proving ring set-ups
and autoclaves ﬁtted with dead weight loading lines have been employed. Testing
set-ups, conditions and protocols are now detailed.
4.4.1 Testing set-ups
Slow strain rate test experiments were carried out on the rolled divider plate
78456/337 cold-worked at 21 % in Hastelloy C-276 static autoclaves at a strain
rate of 5× 10−8 s−1. Specimens were tested individually, until failure.
Constant load tests using proving rings were performed on WF675 material in
both as-received and cold-worked (15 %) conditions in type 304 stainless steel
static autoclaves. Three specimens per autoclave were tested simultaneously, for
test durations of 500, 1500, or 2500 hours.
Constant load tests in 304 stainless steel static autoclaves ﬁtted with dead weight
loading lines were performed up to failure of a specimen or 5000 hours. Materials
WF675 as-received and cold-worked, as well as 78456/337 cold-worked were tes-
ted on this set-up. Up to ﬁve specimens per autoclave were tested simultaneously.
Three designs of SCC specimen have been employed, corresponding to the three
testing set-ups. The geometry of each specimen is presented in Figure 4.2, they
have been machined by electric discharge machining (EDM) and have a lapping
1000 surface ﬁnish. It is important to note that for dead weight tests, the load
is applied externally using weights placed on the autoclave loading line. As the
load is identical for each specimen, the stress level is varied by machining speci-
mens with diﬀerent sections. Therefore the dimensions given for the gauge length
section (5× 2 mm) were usually modiﬁed according to the stress level required.
4.4.2 Environment
Stress corrosion cracking tests have been performed in simulated primary water
at 360 ◦C. Primary water is constituted of pure water with additions of boron
as LiOH, H2O, lithium as H3BO3 and hydrogen (section 2.3.8 page 51). The
resistivity of the high purity water at 25 ◦C is above 1 MΩ·cm, whereas pH
and conductivity of primary water are respectively about 6.3 and 25 μS/cm.
The primary water was prepared according to plant speciﬁcations presented in
Table 4.1, with a boron content set to 1000 mg/kg, a lithium content to 2 mg/kg,
and a hydrogen content to 30 cm3/kg.
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Figure 4.2 – Geometry of the SCC specimens (dimensions are in mm).
Table 4.1 – Primary water chemical speciﬁcations.
Element Unit Expected value Limit value
Boron mg/kg 0 to 2500 -
Lithium mg/kg 0 to 3 -
Oxygen mg/kg < 0.010 < 0.10
Chloride mg/kg < 0.05 < 0.15
Fluoride mg/kg < 0.05 < 0.15
Sulfate mg/kg < 0.05 < 0.15
Hydrogen ml/kg 25 to 35 20 to 50
Sodium ml/kg < 0.1 < 0.2
Ionised silica mg/kg < 0.6 < 1.0
Calcium mg/kg - < 0.05
Magnesium mg/kg - < 0.05
Aluminium mg/kg - < 0.05
Ammonia mg/kg < 0.5 -
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4.4.3 Autoclave operation
The SCC experiments have been performed following EDF autoclave operation
procedure. Specimens are ﬁrst ultrasonically cleaned in ethanol and deionised wa-
ter then placed in the autoclave and insulated from its frame by oxidised zircaloy
rings to avoid galvanic coupling eﬀects.
The autoclave is ﬁlled with primary water, sealed and tested for leakage with a
180 bar overpressure of argon. If no leakage is detected the heating of the auto-
clave up to 125 ◦C is started. Two operations are performed at 125 ◦C: ﬁrst the
deaeration of the water (i.e. the removal of dissolved oxygen by evaporating 20 %
of the primary water volume introduced in the autoclave), and second, the intro-
duction of a hydrogen overpressure to obtain the appropriate dissolved hydrogen
content at 360 ◦C. The resulting dissolved hydrogen at 360 ◦C has been calibra-
ted versus the hydrogen overpressure introduced at 125 ◦C [176].
The ﬁnal step of the procedure is to increase the temperature from 125 ◦C up to
360 ◦C, where the stress corrosion test is started:
• for slow strain rate tests, the strain is applied at a rate of 5× 10−8 s−1,
• for proving ring tests, the stress is applied by the ring (at a level predicted
by ﬁnite element modelling), and
• for dead weight tests, weights are placed on the autoclave loading line to
produce a stress level determined by the specimen gauge dimensions (accor-
ding to the autoclave calibrations presented in Appendix A page 183).
Several parameters are controlled during SCC testing. The water chemistry is
analysed before and after test, the temperature and pressure are continuously
measured, whereas the dissolved hydrogen content is checked intermittently using
a Pd/Ag sensor and was constant over the 5000-hour tests.
4.5 Grinding and polishing
Grinding and polishing are mandatory before optical or electron microscopy. The
routine was ﬁrst to grind with silicon carbide paper grit 800, 1200 and 4000
then to mechanically polish with alumina powder 1 μm and 0.3 μm. If further
polishing was required (for electron backscattered diﬀraction measurements for
example), 3 hours of polishing using a colloidal silica suspension (OPS 60 nm SiO2)
were performed. After each step of the polishing procedure, the samples were
washed with soap, rinsed with ethanol and large amounts of deionised water. After
OPS polishing, the samples were washed with soap then ultrasonically cleaned in
acetone, ethanol and deionised water for 15 minutes.
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4.6 Crack depth analysis
4.6.1 Measurements
To analyse the depth of the cracks produced after exposure to SCC testing, the
samples were ﬁrst cut longitudinally as represented in Figure 4.3 (a). The speci-
mens were then mounted in a conductive resin and ground and polished as detai-
led in the previous section. The crack depth measurements were made on OPS
polished surfaces so cracks could be properly identiﬁed and could not be mista-
ken with other features, e.g. dents or scratches. Observations were made on an
optical microscope at a magniﬁcation of ×100, the smallest crack resolvable was
2 μm deep and the accuracy was ± 1 μm.
As Figure 4.3 (b) shows, when observing the median section plane, the crack trace
depth rather than the actual crack depth is measured. However, for simplicity, the
crack trace depth will be referred to as the crack depth in the remainder of this
manuscript. Measuring the depths of the cracks in a median section plane gives
access to the crack depth distribution which has been subjected to a statistical ﬁt.
(a) Section plane (b) Geometrical notations, from [108]
Figure 4.3 – Representations of the section plane and geometrical notations.
4.6.2 Statistical analysis
A statistical analysis has been performed on the entire crack population of each
specimen in order to eliminate any rogue data from the maximum crack depth.
The distribution selected for the statistical analysis is the lognormal distribution
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(further details are given in Appendix B). Such distribution has been shown to ﬁt
approximately the susceptibility to IGSCC of heats of alloy 600 steam generator
tube roll transitions [7].
In order to compare the distributions of the values coming from two SCC speci-
mens, a two-sample Kolmogorov-Smirnov test has been employed using the ks-
test2 function in MATLAB®. The null hypothesis is that crack depth values from
the two specimens are from the same continuous distribution. The alternative
hypothesis is that they are from diﬀerent continuous distributions. The function
returns the p-value which is the probability that a test statistic at least as signi-
ﬁcant as the one observed would be obtained assuming that the null hypothesis
were true. The smaller the p-value, the stronger the evidence against the null hy-
pothesis [177]. The function compares the p-value to an acceptable signiﬁcance
value α (arbitrarily set to 5 %). If p ≤ α, the test rejects the null hypothesis at
the 5 % signiﬁcance level and the alternative hypothesis is valid. The null hy-
pothesis is otherwise valid (p ≥ α). The p-value becomes very accurate for large
sample sizes, and is believed to be reasonably accurate for sample sizes n1 and n2
such that (n1 ·n2)/(n1 + n2) ≥ 4 [178].
4.6.3 Crack depth transition
A paper from Santarini [108] presented a rational method for quantitative charac-
terisation of intergranular stress corrosion cracking from results of slow strain rate
tests. The proposed approach uses a function N(l, T ), i.e. the number of cracks of
depth greater than l present after a time T on a calibrated specimen length L0, to
characterise the crack depth distribution and determine the cracking parameters.
A full description of the method for the characterisation and prediction of alloy 600
IGSCC can be found in [108] and later developments are presented in [41, 179–183].
Santarini’s approach has been used to determine the crack depth at which the
transition between slow to fast propagation regime occurs. It is a ﬁrst level para-
meter that corresponds to the change in the slope of N(l, T ) plotted against the
crack depth as can be seen in Figure 4.4. Results from Santarini [108] on SSRTs
performed in primary water at 360 ◦C demonstrate that the transition depth lies
at l values between 40 and 70 μm.
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(a) Experimental graphs (b) Bundle of calculated graphs
Figure 4.4 – N(l, T ) graphs from interrupted SSRT (strain rate of 2.5×10−7 s−1),
from [108].
4.7 Carbide distribution
4.7.1 Backscattered electron analysis
Samples were examined with a Zeiss EVO 60 SEM and a Philips XL30 FEG SEM
using backscattered electrons in order to diﬀerentiate the carbides from the ma-
trix. Two magniﬁcations were employed, ×5000 and ×10000, in order to ensure
the consistency of the results and the representativeness of the area scanned.
According to the type of carbides, images were processed in diﬀerent ways to ob-
tain relevant parameters. For carbide precipitated within the grains (intragranular
carbides), the intragranular carbide coverage (IGC) deﬁned in Equation 4.2 was
obtained by processing the pictures using a specially written MATLAB® routine.
Examples of processed images are presented in Figure 4.5 and the MATLAB®
routine is given in Appendix C.
IGC = Total intragranular carbide areaTotal grain area × 100 (4.2)
For carbides precipitated at the grain boundaries (intergranular carbides), the
grain boundary carbide coverage (GBC) deﬁned in Equation 4.3 was obtained
using ImageJ 1.41 software to manually measure the length of both carbides and
grain boundaries.
GBC = Total intergranular carbide lengthTotal grain boundary length × 100 (4.3)
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(a) Raw backscattered electron picture (b) Corresponding binary image
Figure 4.5 – Thresholding routine.
4.7.2 Bromine methanol etching
The quantiﬁcation method for inter and intragranular carbides used at EDF is
based on the bromine-methanol etching which dissolves alloy 600 matrix but not
the carbides. After etching, the specimens are analysed by SEM in secondary
electron mode, ﬁrst at low magniﬁcation to check the homogeneity of the specimen
then at high magniﬁcation (×5000). Images are recorded and processed by Visilog
software which determines the following microstructural parameter:
• grain boundary carbide coverage, GBC, deﬁned in Equation 4.3,
• intragranular precipitation ratio, IPR, deﬁned in Equation 4.4,
• carbide area, and
• number of intragranular carbide.
IPR = Intragranular carbide areaIntergranular + intragranular carbide area × 100 (4.4)
Further details about the image processing can be found in [184].
4.8 Electron backscattered diﬀraction
Electron backscattered diﬀraction or EBSD has been used to determine micro-
structural parameters such as grain size, grain boundary character, texture, stored
energy, and misorientation. Experiments were run on a CamScan MaXim 2040SF
ﬁeld emission gun SEM equipped with a Nordlys EBSD detector and CHANNEL5
Flamenco acquisition software from Oxford Instruments [185].
The data post processing has been performed with diﬀerent softwares depending
on the desired output. VMAP, an in-house software developed by Humphreys
from the University of Manchester [186], has been used to determine grain size,
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grain boundary character, stored energy and produce the corresponding maps.
The texture analysis has been performed with Mambo pole ﬁgure program from
Oxford Instruments [187].
4.9 Misorientation
The misorientation of a microstructure is a novel approach taken towards a better
understanding of the interactions between microstructure and intergranular stress
corrosion cracking susceptibility. A Python routine has recently been developed
by Di Gioacchino from the University of Manchester to measure the crystal mi-
sorientation from EBSD data [188] and plot the corresponding map. The routine
ﬁrst processes raw crystal orientations and calculates the mean crystal orientation
of each grain using quaternions, which are are elements of a certain 4-dimensional
algebra, i.e. a vector space endowed with multiplication [189]. Then, the misorien-
tation of each pixel relative to the determined mean orientation of the correspon-
ding grain is calculated. Finally, a visualization of the computed data is produced
as a misorientation map. An example of data processing is shown in Figure 4.6.
100 μm
(a) EBSD map in Euler colors
(b) Corresponding misorientation map
Figure 4.6 – Example of misorientation data processing.
4.10 Proving ring calibration
The experimental calibration of the proving-ring set-up versus the computed mo-
del has been performed under the following protocol:
• the specimen was loaded in the proving ring at 20 ◦C by tightening the bolts
up to the amount determined by FEA. At the end of the loading procedure
the gauge strain was measured using an optical microscope.
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• an extensometer was then placed on the specimen gauge and three thermo-
couples were attached on diﬀerent locations around the ring,
• ﬁnally, the assembly was put in a furnace and heated up to 360 ◦C. When the
ﬁnal temperature was reached, the reading from the extensometer (giving
the gauge strain at 360 ◦C) was recorded and converted to stress using the
stress-strain curve of the material.
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Finite element analysis
In this chapter, the ﬁnite element model that has been employed to design and
assess the proving ring set-up will be detailed.
5.1 Experimental set-up
The experimental set-up to be modelled, a proving ring, is presented in Figure 5.1.
Proving rings are mostly used for the calibration of tensile test machines but the
set-up has been adapted to SCC testing in order to provide a simple, compact,
and easily-operated device for applying constant loads.
Figure 5.1 – Proving ring set-up.
Its principle is relatively straightforward: the specimen to test is placed within a
ring and then ﬁxed to its middle using an assembly of bolts, pins and nuts. Tigh-
tening the nuts on the bolts on the outside of the ring produces a diametral de-
ﬂection of the ring. The ring is thus strained in compression along the specimen
axis and applies an opposite reaction force on the nuts, putting the specimen un-
der tensile load. When the required specimen tensile stress is achieved, the whole
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set-up is placed inside an autoclave and exposed for thousands of hours to pri-
mary water environment.
The design of each component of the set–up must be done to meet diﬀerent re-
quirements:
• the materials for nuts, bolts and pins must be resistant to high temperature
high pressure water,
• the pins have to sustain the shear stress created between the specimen and
the bolt,
• the ring must not plastically deform as the reaction force it applies on the
specimen would drop, and
• the gauge size of the specimen must be large enough to allow performing
the post-SCC testing characterisations.
The main advantages of the proving ring over other standard set-ups conventio-
nally used (such as U-bends, reverse U-bends or C-rings) is that the specimen is
ﬂat and all of the gauge length is expected to be under a known uniform stress
state. On one hand, the ﬂat surface should simplify the observations with micro-
scopes and on the other hand, the gauge size should allow more material to be
available for the diﬀerent characterisations involved after the SCC experiments.
On the top of that, the design of the proving ring should allow experiments to
reach high stress levels within the sample.
The principal drawback is that stress relaxation is expected to occur as the tem-
perature increases from 20 to 360 ◦C. As the temperature raises, the mechanical
strength of the materials decreases and the specimen which is plastically strained
will have an extra imposed strain due to the drop in mechanical properties. This
extra strain will loosen the nuts and therefore decrease the force applied by the
ring resulting in a decrease of the stress within the specimen. This phenomenon
will occur as soon as the temperature is increased and an equilibrium will be rea-
ched at high temperature with a stress level lower than that applied at 20 ◦C.
This type of behaviour can be linked to the work of S. Licheron [190] who stu-
died the anisothermal relaxation of alloy 600 between 20 and 350 ◦C for C-ring
test applications. He demonstrated that for a stress applied at room tempera-
ture equal to the yield strength of the material at 20 ◦C, the remaining stress at
350 ◦C was only 80 % of the applied stress, and that the decrease in stress was
consistent with the yield strength evolution.
Due to the dependency of the specimen stress on the ring, the evolution of the
stress distribution within the set-up can not be readily quantiﬁable. The only
mean to get an accurate representation of the proving ring stress distribution at
102
II. Techniques and Modelling 5.2. Finite element model
any time during the stress corrosion cracking experiment is to perform a ﬁnite
element analysis.
5.2 Finite element model
This section will deal with the important parameters incorporated into the ﬁnite
element analysis. This analysis was performed using Abaqus 6.6-1 software.
5.2.1 Parts
The proving ring model is built from two 3D parts as it can be seen in Figure 5.2:
a specimen part modelling the specimen and a block part modelling the assembly
ring-bolts-pins. The choice has been made not to model every component of the
proving ring as the deﬁnition of the contacts and interactions between the parts
would have been too complex. Further information can be found in Appendix D.
(a) Specimen part (b) Block part
Figure 5.2 – Parts of the ﬁnite element model.
5.2.2 Material properties
The mechanical properties of the materials are deﬁned using a deformation plas-
ticity model based on the Ramberg-Osgood relation. The Ramberg-Osgood equa-
tion was created to describe the non-linear relationship between stress and strain
in materials near their yield point and is especially useful for metals that harden
with plastic deformation. The relation in its original form is the following [191]:
ε = σ
E
+K
(
σ
E
)n
(5.1)
where ε is the strain, σ is the stress, E is the Young’s modulus, and K and n are
constant depending on the material.
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The ﬁrst term of Equation 5.1, σ/E, describes the elastic part of the strain whilst
the second term, K (σ/E)n, describes its plastic part. The two parameters, K
and n, account for the hardening behaviour of the material. Introducing the yield
strength of the material σ0 and deﬁning a new parameter α, related to K as
α = K · (σ0/E)n−1 allows to write the plastic strain as follow:
K ·
(
σ
E
)n
= α· σ
E
·
(
σ
σ0
)n−1
(5.2)
Combining Equation 5.1 and 5.2 leads to the one-dimensional mechanical beha-
viour model used by Abaqus presented in Equation 5.3.
ε = σ
E
+ α· σ
E
·
(
σ
σ0
)n−1
(5.3)
where ε is the true strain, σ is the true stress, E is the Young’s modulus, α is the
yield oﬀset, σ0 is the yield strength, and n is the hardening exponent.
The material behaviour described by this model is nonlinear at all stress levels
with plastic strain present even at low stress due to the power-law relationship,
but for commonly used values of the hardening exponent the nonlinearity becomes
signiﬁcant only at stress levels approaching or exceeding σ0 (for low applied stress,
the plastic strain remains negligible compared to the elastic strain and for stress
levels higher than σ0, the plastic strain becomes progressively larger than the elas-
tic strain). This one-dimensional model is generalised to multiaxial stress states
to obtain a multiaxial model used by Abaqus for the computation of the solution.
The one-dimensional model is generalised to multiaxial stress states using Hooke’s
law for the linear term and the Mises stress potential and associated ﬂow law for
the nonlinear term:
ε = (1 + ν) · S
E
− ((1− 2ν) · pI
E
+ 32 ·α·
(
q
σ0
)n−1
· S
E
(5.4)
where ε is the strain tensor, σ is the stress tensor, p = −13σ : I is the equivalent
hydrostatic stress, q =
√
3
2S : S is the Mises equivalent stress, S = σ + pI is the
stress deviator, and ν is the Poisson’s ratio.
The model is named deformation plasticity because the stress is deﬁned by the
total mechanical strain with no history dependence. It is in fact a nonlinear
elastic model but at a limit state when all of a specimen or structure is responding
plastically. This model is a useful equivalent representation of the plastic response
because it has such a simple form. The deformation plasticity model has been
chosen because it completely describes the mechanical response of the material in
both elastic and plastic region. On top of that, the input parameters needed are
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reasonably limited and readily available: Young’s modulus E, yield oﬀset α, yield
stress σ0, hardening exponent n, and Poisson’s ratio ν.
5.2.3 Analysis steps
Analysis steps provide a convenient way to deﬁne changes in the loading and
boundary conditions of the model, changes in the way parts of the model interact
with each other, removal or addition of parts, and any other changes that may
occur in the model during the course of the analysis. In the present FE model,
the analysis has been divided into three steps (Figure 5.3):
• the initial step, when all the boundary conditions and predeﬁned ﬁelds are
applied to the assembly,
• the loading step, at which a bolt displacement applies the load on the spe-
cimen, and
• the temperature step, during which the temperature of the assembly is raised
up from 20 ◦C up to 360 ◦C.
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Figure 5.3 – Analysis steps of the model.
5.2.4 Mesh
The mesh is programmed to contain the material and structural properties which
deﬁne how the structure will react to the loading conditions. Nodes are assigned
at a certain density throughout the material depending on the anticipated stress
levels of a particular area. Displacements or other degrees of freedom are calcula-
ted at the nodes of the elements. At any other point in the element, the displace-
ments are obtained by interpolation from the nodal displacements. To mesh the
model, quadratic hexahedral elements (C3D20) or modiﬁed tetrahedral elements
(C3D10M) have been used, these elements are presented in Figure 5.4.
Hexahedra are best when meshing simple geometries with loads applied perpen-
dicularly to the brick faces. Tetrahedral elements are more suitable to mesh mo-
dels with complex geometry and a complex stress state. A good indicator of the
model accuracy is the eﬀect of the mesh revision. Changing from one type to ano-
ther mesh type should not alter the results of an adequate model [192].
105
5. Finite element analysis II. Techniques and Modelling
(a) Linear element (8-
node brick, C3D8)
(b) Quadra-
tic element (20-
node brick, C3D20)
(c) Modiﬁed second-order ele-
ment (10-node tetrahedron,
C3D10M)
Figure 5.4 – Abaqus mesh elements.
However, with the relative complex geometry of the proving ring, certain elements
could be distorted too much and thus induce erroneous stress values. An example
of distorted elements is given in Figure 5.5. In addition, in the case of a tetrahe-
dral mesh, the number of element is much higher than in the case of a hexahedral
mesh and the calculation time can therefore be dramatically increased. Depen-
ding on the accuracy needed and time available, hexahedral or tetrahedral mesh
will be preferred.
(a) Hexahedral mesh agon l(b) Tetrahedral mesh
Figure 5.5 – Distorted elements of the FE model (represented in yellow).
5.2.5 Constraints
Constraints are used to deﬁne the position of the specimen relatively to the block.
The inner surface of the pin hole is deﬁned as a slave surface, i.e. each node on the
slave surface will have the same values for its degrees of freedom as the point on
the master surface to which it is closest. The master surface is the corresponding
surface on the outside of the pin. The two surfaces and their location are shown in
Figure 5.6: the pink surface is the slave surface and the red surface is the master
surface.
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(a) Shaded representation (b) Wireframe representation
Figure 5.6 – Tied surfaces on specimen and pin.
5.2.6 Boundary conditions
Boundary conditions have been applied to avoid free displacements of the model
in space and to facilitate the convergence of the model. To do so, displacements
of selected nodes along the proving ring have been limited, these nodes are repre-
sented in Figure 5.7.
U2=UR1=UR3=0 
U1=UR2=UR3=0 
U3=UR1=UR2=0 
Figure 5.7 – Boundary conditions applied to the model.
On the horizontal ring section, the translation of the nodes along the second axis
(U2) and their rotation along the ﬁrst and third axes (UR1 and UR3) is nil. On
the vertical ring section, the nodes can not translate along the ﬁrst axis (U1) and
rotate along the second and third axis (UR2 and UR3). Thanks to these two
boundary conditions, the model is constrained along the ﬁrst and second axes but
an extra boundary condition must be added to prevent any displacement along
the third axis. This is done by banning the translations along the third axis (U3)
as well as rotation about the ﬁrst and second axis (UR1 and UR2) for a single
node on the outer centre of the ring.
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5.2.7 Loads
The only load to be applied to the system is the tensile load on the specimen. On
the real set-up, this load is created by tightening the nuts on the bolts, leading
to a shortening of the bolts. This shortening strains the ring and its reaction
force applies the tensile stress on the specimen. In the FE model, as there are no
nuts, the load is created in the ﬁrst step by directly shortening the bolts. A plane
deﬁnes on each bolt the section where the bolt length is adjusted by a speciﬁed
value (Figure 5.8), this value will be referred to as the bolt shortening value. This
load is propagated to the second step where the bolt length is kept constant.
 
(a) Bolt only (b) Whole set-up
Figure 5.8 – Sections where bolt load is applied.
5.2.8 Predeﬁned ﬁelds
A predeﬁned ﬁeld has been used to deﬁne the temperature of the entire set-up:
the temperature is set to be 20 ◦C over the initial and loading steps and then in-
creased to 360 ◦C in the temperature step.
Table 5.1 summarises the creation and evolution of the interactions detailed pre-
viously during the several analysis steps.
Table 5.1 – Evolution of the model interactions during the diﬀerent steps.
Interaction Initial step Loading step Temperature step
Temperature ﬁeld Creation Propagation a Modiﬁcation
Boundary conditions Creation Propagation Propagation
Bolt Load / Creation Propagation
a Propagation indicates that the interaction is maintained constant
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Chapter6
Material characterisation
This chapter presents the results from the chemical, mechanical, and microstruc-
tural characterisations performed on the forged and rolled materials.
6.1 Material description
The materials under investigation are two grades of alloy 600 representative of
materials used as components in nuclear power plants as Figure 6.1 shows:
• a forged CRDM nozzle WF675, very susceptible to stress corrosion cra-
cking in the as-received condition, and
• a rolled divider plate 78456/337, weakly or not susceptible to stress
corrosion cracking in the as-received condition but expected to be susceptible
after cold work.
Vessel head nozzles
 
 
(a) Reactor vessel
Divider plate
(b) Steam generator
Figure 6.1 – Location of component of interest, from [26].
111
6. Material characterisation III. Results
The CRDM nozzle WF675 comes from a vessel head penetration (Figure 6.1 a), a
hollow cylinder with an outer diameter of 110 mm and a thickness of 25 mm ma-
nufactured by Imphy. This product is forged at high temperature (1100–1200 ◦C)
with a two-step process and then thermally treated for 2 hours at 820 ◦C to ad-
just the mechanical properties. This heat is of signiﬁcant interest because of its
high susceptibility to stress corrosion cracking (the highest crack growth rates
have been recorded on this heat) [193].
The 78456/337 product is taken from a partition plate produced by VDM (Fi-
gure 6.1 b). From the ingot, the product is rolled twice at 1250 ◦C to obtain a
sheet which is water cooled then thermally treated at 725–740 ◦C for 12 hours.
Divider plates coming from heat 78456 are available in two thicknesses of 60 and
34-mm, the 78456/337 product is a 34-mm thick plate.
These two products have been selected to study the inﬂuence of the strain locali-
sation on the stress corrosion cracking process of alloy 600. As WF675 is a forged
product and 78456/337 is rolled, the inﬂuence of the forming process will also be
considered. Finally, both materials will be tensile strained at room temperature
so the inﬂuence of the cold work can be determined.
Additionally, alloy 600 2360 was added to the study for microstructural characte-
risations only. No stress corrosion cracking or mechanical testing was performed
on this material in this study but crack growth rate results are available [194].
The divider plate stub 2360 is manufactured by rolling by VDM. The principal
information relative to the materials is gathered in Table 6.1.
Table 6.1 – Origin of the investigated materials.
Feature WF675 78456/337 2360
Steelmaker Imphy VDM VDM
Component CRDM nozzle divider plate divider plate stub
Manufacturing forging rolling rolling
Thickness (mm) 25 34 60
Diameter (mm) 110 - -
Final thermal 2 h at 820 ◦C 12 h 8 min at 1 h 54 min at 950
◦C
treatment 725–740 ◦C air cooling
6.2 Chemical composition
The chemical compositions of the divider plate 78456/337, the CRDM nozzle
WF675, and the divider plate stub 2360 have been determined by EDF. Results
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are presented in Table 6.2 against the RCC-M 4102 standards concerning alloy 600
chemical composition. Carbon, sulphur and nitrogen are analysed by combus-
tion/infrared absorption and the other elements are analysed by X-ray ﬂuores-
cence spectroscopy.
Table 6.2 – Chemical composition of the investigated materials (wt. %).
Element RCC-M 4102 WF675 78456/337 2360
Ni > 72.0 73.20 74.58 72.77
Cr 14.0 – 17.0 16.05 15.90 16.20
Fe 6.0 – 10.0 8.80 8.20 9.80
C < 0.10 0.058 0.045 0.072
Mn < 1.0 0.81 0.50 0.46
Si < 0.5 0.45 0.38 0.33
S < 0.015 < 0.001 0.003 0.0008
P < 0.025 0.007 0.007 0.009
Cu < 0.5 0.02 0.03 0.26
Co - 0.04 0.04 0.05
Al 0.2 – 0.8 0.29 (Al+Ti) 0.16 0.21
Ti 0.65 – 1.15 0.24 0.21
The chemical compositions meet the requirements except for aluminium and tita-
nium contents, which for all three products are below the speciﬁcations. There is
no major diﬀerence between the compositions except the copper content of 2360,
which is about ten times higher than for the two other materials. It is also impor-
tant to notice that the content of important elements regarding SCC, e.g. chro-
mium and carbon, are similar for all products under investigation.
6.3 Mechanical properties
The mechanical properties of the materials in the as-received condition have been
measured at room temperature according to the NF EN 10002-1 standards. Re-
sults are gathered in Table 6.3 against the RCC-M 4103 standards concerning al-
loy 600 mechanical properties.
Table 6.3 – Mechanical properties at 20 ◦C of as-received materials.
Material YS (MPa) UTS (MPa) Elongation (%)
RCC-M 4103 > 240 > 550 > 30
WF675 468 729 33
78456/337 233 659 48
2360 205 611 57
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The mechanical properties meet the requirements except for the yield strength of
the divider plate 78456/337 and divider plate stub 2360 which are both below the
limit (respectively 233 and 205 MPa compared to 240 MPa).
Mechanical properties of the materials at 360 ◦C have been measured in order
to plan the stress level to apply during stress corrosion cracking testing. A sum-
mary of the mechanical properties of each material is gathered from Table 6.4 to
Table 6.6. The corresponding stress-strain curves are plotted in Figure 6.2 and
the detail of each orientation is given in Figure 6.3 through Figure 6.5. The me-
chanical behaviour diﬀers according to the specimen orientation but the impact
is diﬀerent for each component.
For the nozzle WF675 in the as-received condition (Table 6.4), yield strength va-
lues are relatively scattered and there is a signiﬁcant 50 MPa gap between the
circumferential orientation (highest value) and the 45◦ orientation (lowest value).
All three orientations show comparable ultimate tensile strength values, the hi-
ghest being for the axial orientation and the lowest being for the 45◦ orientation.
Young’s moduli of the axial and circumferential orientations are almost identical
whereas the 45◦ orientation value is notably higher (by about 30 GPa).
Table 6.4 – Mechanical properties at 360 ◦C of WF675 as-received.
Orientation YS (MPa) UTS (MPa) Modulus (GPa)
A 425 697 187399 679 216
Average 412 688 201
45◦ 379 663 241379 660 215
Average 379 662 228
C 440 682 194421 676 200
Average 431 679 197
The eﬀect of cold work on the CRDM nozzle mechanical properties is noticeable,
as data Table 6.5 show. Firstly, it increases the diﬀerences between the yield
strength values of the diﬀerent orientations. The 45◦ orientation yield strength
value remains the lowest (666 MPa) whilst the axial orientation value becomes
the highest by more than 60 MPa. The circumferential orientation value ranks
second with an intermediate value of 688 MPa. Secondly, it slightly decreases the
Young’s modulus values (from about 200 GPa to around 190 GPa) as well as their
dispersion. The ranking diﬀers with the axial orientation becoming the stiﬀest by
10 GPa whereas the 45◦ orientation modulus decreases by more than 40 GPa to
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reach a value close to the lowest modulus obtained in the circumferential orienta-
tion (around 185 GPa).
Table 6.5 – Mechanical properties at 360 ◦C of WF675 15 % cold-worked.
Orientation YS (MPa) UTS (MPa) Modulus (GPa)
A (β = 1.00)
a 734 801 195
- - -
Average 734 801 195
45◦(β = 0.25) 672 783 186659 781 185
Average 666 782 186
C (β = −0.50) 687 786 182689 786 185
Average 688 786 184
a Data from the second specimen were not exploitable.
Regarding the divider plate 78456/337 cold-worked at 21 % (Table 6.6), the in-
ﬂuence of the orientation is very diﬀerent. The transverse and 45◦ orientations
have very close ultimate tensile strength and Young’s modulus values whereas
in each case, the longitudinal orientation has signiﬁcantly higher values than the
other two (respectively 50 MPa and 10 GPa higher). The yield strength values
are again very diﬀerent with a gap of more than 100 MPa between the highest
value (longitudinal orientation) and the lowest (transverse orientation).
Table 6.6 – Mechanical properties at 360 ◦C of 78456/337 21 % cold-worked.
Orientation YS (MPa) UTS (MPa) Modulus (GPa)
L (β = 1.00) 675 769 209662 764 222
Average 669 767 216
45◦(β = 0.25) 611 728 225612 731 180
Average 612 730 202
T (β = −0.50) 569 730 190549 726 225
Average 559 728 208
It can be noticed from the stress-strain curves in Figure 6.2 that both materials
exhibit Portevin-Le Chatelier (PLC) eﬀect [195, 196], this eﬀect is particularly
apparent with the divider plate 78456/337 21 % CW (Figure 6.2 c).
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(a) WF675 as-received
(b) WF675 15 % cold-worked
(c) 78456/337 21 % cold-worked
Figure 6.2 – True stress-strain curves of investigated materials at 360 ◦C.
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(a) Axial orientation
(b) 45◦ orientation
(c) Circumferential orientation
Figure 6.3 – WF675 as-received true stress-strain curves at 360 ◦C.
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(a) Axial orientation
(b) 45◦ orientation
(c) Circumferential orientation
Figure 6.4 – WF675 15 % cold-worked true stress-strain curves at 360 ◦C.
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(a) Longitudinal orientation
(b) 45◦ orientation
(c) Transverse orientation
Figure 6.5 – 78456/337 21 % cold-worked true stress-strain curves at 360 ◦C.
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6.4 Carbide distribution
The carbide distribution is one of the key aspects of the metallurgical factors in-
ﬂuencing IGSCC [19, 24]. SEM examination in backscattered electron mode has
been used to reveal the carbide distribution. Carbide distributions of the three
materials are presented in Figure 6.6 and the corresponding quantiﬁcations are
given from Table 6.7 to Table 6.9.
It is apparent from Figure 6.6 (a) that carbides are mainly intragranular for
CRDM nozzle WF675. In fact these intragranular carbides are precipitated on
former grain boundaries that disappear during manufacturing; this carbide mor-
phology is known as a “ghost network”. The ghost carbide network results from
the dynamic recrystallisation of the material during the second step of the for-
ging process where the material is held at 950–1000 ◦C [197]. The temperature
is high enough to cause recrystallisation of the grains but not dissolution of the
grain boundary carbides: a new network of grain boundaries is created whilst car-
bides remain on the former grain boundary network.
The quantiﬁcation results in Table 6.7 indicate that the intragranular carbide co-
verage is less than 1 % which is close to values from Petiot [184] and Moulart [198].
On the other hand, no grain boundary carbides were found in the present work
in contrast to previous results [184, 194, 197–199]. These discrepancies are belie-
ved to arise from the diﬀerent experimental protocols employed. The bromine-
methanol etchant used in other studies dissolves only the matrix which in the case
of materials with intragranular carbides (particularly for ghost carbide netwoks)
could render the grain identiﬁcation complex, leading to carbides being identiﬁed
as intergranular whereas being in fact intragranular.
Table 6.7 – Carbide distribution of WF675 material.
Author GBC (%) IPR (%) Carbide area (μm2) IGC (%)
Present study - - - 0.64 ± 0.12
A. Petiot [184] 16 ± 6.2 84 ± 7.0 302 ± 181 0.20 ± 0.12
P. Moulart [198] 10 + 1 - - 1.63 ± 0.31
D. Vançon [197] high - - very high
P. Moulart [199] 15 85 - -
For the divider plate 78456/337, carbide precipitates form a semi-continuous net-
work only along the grain boundaries (intergranular carbides) and no intragra-
nular carbides were found (Figure 6.6 b). An intergranular carbide coverage of
around 60 % has been found, which agrees with results from Couvant [200].
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10 μm
(a) Carbide precipitates of CRDM nozzle WF675
5 μm
(b) Carbide precipitates of divider plate 78456/337
10 μm
(c) Carbide precipitates of divider plate sub 2360
Figure 6.6 – Backscattered electron SEM pictures of carbide distribution.
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Table 6.8 – Carbide distribution of 78456/337 material.
Author GBC (%) IPR (%) Carbide area (μm2) IGC (%)
Present study 61 ± 7 - - -
T. Couvant [200] 56 ± 12 - - -
Regarding divider plate stub 2360, the carbide distribution is similar to that of
78456/337 material. Carbide precipitates cover more than 70 % of the grain boun-
daries whereas no intragranular carbides were found (Figure 6.6 c). Other stu-
dies [199, 200] observed a limited intragranular precipitation, which disagrees with
the present work, whereas the intergranular carbide coverage values are consistent.
Table 6.9 – Carbide distribution of 2360 material.
Author GBC (%) IPR (%) Carbide area (μm2) IGC (%)
Present study 72 ± 8 - - -
P. Moulart [199] 67 5 - -
T. Couvant [200] 67 1.29 - -
6.5 Grain boundary character
The grain boundary character has been determined for the three materials under
investigation, the corresponding results are presented in Figure 6.7 and further
details are given in Appendix E page 205.
Figure 6.7 – Grain boundary character of the investigated materials.
The histograms demonstrate that all materials have mostly high angle grain boun-
daries (HAB) with a very low fraction (about 2 %) of low angle grain boundaries
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(LAB). Regarding IGSCC, coincident site lattice boundaries (CSLB) and more
speciﬁcally Σ3 grain boundaries have been proven to be more resistant than ran-
dom HAB [76]. The grain boundary statistics demonstrate that the Σ3 grain
boundary fraction is similar for WF675 and 2360 materials (around 63 %), whe-
reas it is signiﬁcantly lower for 78456/337 (49 %). Other multiple twins (Σ9, Σ27)
grain boundary fraction is comparable between rolled materials whilst the forged
material has a fraction twice as high.
6.6 Misorientation
The principal results regarding the materials misorientation are summarised be-
low. The complete analysis and the corresponding data are given in Appendix F
page 209.
6.6.1 As-received materials
Misorientation maps for the forged and rolled materials in the as received state
are presented respectively in Figure 6.8 and Figure 6.9.
It appears that two distinct areas can be observed on the forged WF675 mate-
rial. The ﬁrst area (Figure 6.8 a) is composed of an homogeneous microstructure
with relatively ﬁne grains and a corresponding homogeneous low misorientation
(all values below 1◦). The second area (Figure 6.8 b) is composed of ﬁne grains
next to much coarser grains. It is clear that the misorientation is much higher for
these coarser grains with some misorientation values as high as 10◦.
(a) Fine grains only (b) Fine and coarse grains
Figure 6.8 – Misorientation maps of WF675 material in the as-received condition
(misorientation values are expressed in degrees).
Regarding the rolled materials, 78456/337 in Figure 6.9 (a) and 2360 in Fi-
gure 6.9 (b), both have an homogeneous microstructure with an associated low
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misorientation. Even though the grain size is much larger for 2360 than for
78456/337 material, the misorientations are comparable with most values being
below 1◦. The misorientation of 2360 material nevertheless appears slightly hi-
gher than that of 78456/337 (lighter shade of blue for 2360).
(a) 78456/337 AR (b) 2360 AR
Figure 6.9 – Misorientation maps of rolled materials in the as-received condition
(misorientation values are expressed in degrees).
However, direct comparisons between materials are complex as it is diﬃcult to as-
sess (even qualitatively) the misorientation maps. A way of obtaining better qua-
litative information is to plot the probability density and cumulative distribution
functions corresponding to the misorientation maps, as Figure 6.10 illustrates.
The probability density graph (Figure 6.10 a) shows that the region with ﬁne
grains in WF675 corresponds to a very low misorientation (below 1◦) with a
strong peak around 0.3◦. When coarse grains are found in the microstructure,
the resulting misorientation distribution has two peaks: a sharp intense peak at
misorientation values below 0.3◦ and a broad much less intense peak at misorien-
tation values between 0.5 and 6◦. The rolled materials both have misorientations
slightly higher than the ﬁne grains area in WF675, for which the misorientation
is low (most value are below 1.5◦) with a strong peak around 0.4◦.
The cumulative distribution plot (Figure 6.10 b) emphasises the diﬀerences bet-
ween materials and gives quantitative information about misorientation in the
materials. In order to compare the materials, an arbitrary cumulative distribu-
tion value of 90 % has been selected because the focus is on the higher end of the
misorientation distribution. For the ﬁne grain area in WF675, 90 % of the mi-
sorientation is below 0.5◦, whereas for the area with coarse grains, the value in-
creases up to 4.7◦. Rolled materials have low misorientation values: 90 % of the
values are below 0.7◦ for 78456/337 and 0.8◦ for 2360.
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◦
(a) Probability density function
◦
(b) Cumulative distribution function
Figure 6.10 – Misorientation plots for materials in the as-received condition.
6.6.2 Cold-worked materials
The eﬀect of cold work on the misorientation is identical for forged and rolled ma-
terials: cold work increases the misorientation as the sharp peaks at low misorien-
tation are replaced by broad peaks at higher misorientations. This is particularly
apparent in Figure 6.11 (a) between WF675 as-received and WF675 cold-worked.
The graphs shows that WF675 15 % cold-worked is the material with the highest
misorientation, followed by 2360 21 % cold-worked and ﬁnally 78456/337 21 %
cold-worked. It is interresting to notice that the highest degree of cold work does
not imply the highest degree of misorientation.
Quantitative comparisons are easier in Figure 6.11 (b). The plot indicates that
2360 and WF675 materials have similar misorientations: 90 % of the values are
below 7◦ for 2360 21 %CW and below 7.8◦ for WF675 21 % CW. Rolled material
78456/337 21 % CW has a much lower misorientation with 90 % of the values being
below 4.4◦. Interestingly, it can be noticed that this value is close to the value of
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the as-received WF675 materials (ﬁne + coarse grain area) which indicates that
some area of the forged material have similar levels of misorientation to the rolled
material 78456 cold-worked at 21 %. Additionally, the comparison between rolled
materials proves that for similar levels of cold-work (21 %), the misorientation in
2360 is much higher than that of 78456/337 material (nearly twice as much).
◦
(a) Probability density function
◦
(b) Cumulative distribution function
Figure 6.11 – Misorientation plots for materials in the cold-worked condition.
6.7 Strain path
One of the key aspects of the present work is the strain path and its inﬂuence
on the SCC behaviour of alloy 600. To diﬀerentiate between the strain paths (re-
sulting from the specimen orientation), the β parameter deﬁned in Equation 4.1
page 91 was being used.
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The calculation of the β parameter is based on the knowledge of the plastic strain
mode during pre-straining, ε1, and the subsequent plastic strain mode during
stress corrosion cracking testing, ε2. The plastic strain mode during SCC testing
is always known but the challenge in calculating the β parameter is to determine
the plastic strain mode during pre-straining.
The easiest case is for cold-worked materials (WF675 and 78456/337) as the plas-
tic strain mode during pre-straining corresponds to the tensile straining and is
therefore known. Figure 6.12 represents the successive loading applied to the spe-
cimens of each orientation. In all cases both ε1 and ε2 strain tensors are known
and the β parameter can be simply calculated for any specimen orientation using
a MATLAB® routine especially written (details are given in Appendix C and Ap-
pendix G).
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(a) A and L orientations
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(c) C and T orientations
Figure 6.12 – Representation of successive loading for cold-worked materials.
Results are plotted in Figure 6.13 and demonstrate that the diﬀerent orientations
lead to diﬀerent strain paths. The axial and longitudinal orientations (0◦) corres-
pond to a monotonic strain path with a β of 1. The other orientations correspond
to complex strain paths: the 45◦ orientations have a β value of 0.25 whereas the
circumferential and transverse orientations (90◦) correspond to a β value of -0.50.
Nevertheless, the same approach cannot be employed for as-received materials as
the plastic strain mode during pre-straining is unknown. However, the manu-
facturing process has an inﬂuence on the microstructure and several techniques
have been employed in order to measure a microstructural parameter that could
be correlated to the pre-straining strain tensor ε1 and allow it to be determined.
The ﬁndings are detailed below.
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◦
Figure 6.13 – Beta parameter as a function of the specimen orientation.
6.7.1 Texture
The manufacturing process can induce textures or preferential orientations which
can be correlated to the stress or strain necessary to generate them. EBSD ana-
lysis has been performed on WF675 specimens in the as-received condition. The
corresponding pole ﬁgures presented in Figure 6.14 do not show any symmetry
and do not have strong intensity maxima which indicates that there is no prefe-
rential orientation nor texture. This result has been conﬁrmed by X-ray diﬀrac-
tion texture measurements and are consistent with recent results [201]. Therefore
the ε1 tensor cannot be determined using texture.
Figure 6.14 – Pole ﬁgure of WF675 material in as-received condition.
6.7.2 Stored energy
Similarly to the texture, the stored energy can be related to the stress or strain
necessary to produce it. The stored energy of WF675 as-received material has
been determined from the analysis of EBSD data. An example of an EBSD map
is given in Figure 6.15 (a) and the corresponding stored energy map is given in
Figure 6.15 (b). The results show that the forged material contains a signiﬁcant
amount of stored energy.
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100 μm
(a) Orientation map
100 μm
(b) Stored energy map
100 μm
(c) Stored energy map with Σ3 GB superimposed
Figure 6.15 – Orientation and stored energy maps for WF675 as-received.
129
6. Material characterisation III. Results
However by plotting the grain boundaries on top of the stored energy map, and
more particularly the Σ3 grain boundaries, it appears that a lot of stored energy
comes from these Σ3 grain boundaries as Figure 6.15 (c) demonstrates. This ar-
tifact derives from the stored energy analysis itself as the mean boundary energy
associated with each pixel is determined by calculating its misorientation to the
adjacent pixels [202] regardless of the grain structure. Therefore calculating the
misorientation between two pixels across a Σ3 grain boundary will give a high mi-
sorientation value as a Σ3 grain boundary corresponds to a 60◦ misorientation.
The stored energy value corresponding to this high misorientation will thus be
elevated whereas it should be low (Σ3 grain boundaries are high angle but low
energy grain boundaries). This highlights the intrinsic limitations of the stored
energy analysis which, as a consequence, cannot be applied to determine ε1.
6.7.3 Misorientation
Another parameter that could help determining ε1 is the misorientation or more
precisely the misorientation variations between the horizontal and vertical axes
that could be resulting from the forming and manufacturing process.
Results in Figure 6.16 suggest that there is no diﬀerence between misorientation
along the horizontal and vertical axes, this experiment therefore did not detect
any evidence for determining ε1 for as-received material.
◦
Figure 6.16 – Misorientation distribution along horizontal and vertical axes for
WF675 as-received.
However, for cold-worked material, there is a clear distinction between horizontal
and vertical axes as Figure 6.17 shows. When plastically strained along the vertical
axis, the resulting measured misorientation is greater along the horizontal axis
than along the vertical axis.
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◦
Figure 6.17 – Misorientation distribution along horizontal and vertical axes for
WF675 15 % cold-worked.
Contrary to expectations, the results from the strain path investigations (texture,
stored energy, and misorientation) did not ﬁnd a signiﬁcant parameter that could
help determining the pre-straining tensor ε1 for the as-received material.
Complementary characterisations will be proposed to reach this target as discus-
sed in the future work section.
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Chapter7
Modelling results
This chapter deals with the results obtained from the ﬁnite element modelling of
the proving ring set-up. Both input and output data are presented.
7.1 Mechanical behaviour
As presented in section 5.2.2, the mechanical properties of the materials are deﬁ-
ned using a deformation plasticity model based on the Ramberg-Osgood relation.
The data to be used during ﬁnite element analysis are extracted from the true
stress-strain curves of the materials used to manufacture proving-rings and speci-
mens.
7.1.1 Alloy 718
Alloy 718 is the material used to manufacture the assembly ring, bolts and nuts.
The experimental stress-strain curves and Ramberg-Osgood FE plasticity model
are plotted Figure 7.1, the corresponding input data are presented Table 7.1.
Figure 7.1 – Alloy 718 as-received true stress-strain curves.
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Table 7.1 – Input mechanical property data for alloy 718.
Parameter Units At 20 ◦C At 360 ◦C
Young’s modulus GPa 209 188
0.2 % oﬀset yield strength MPa 1199 1093
Elongation % 18.71 17.9
Exponent n - 14.29 14.23
Yield oﬀset α - 0.352 0.367
Thermal expansion coeﬃcient m/m/◦C 14.1× 10−6 [203]
As it can be seen on the graph, the model ﬁts with good accuracy the experimen-
tal data at both temperatures. Nevertheless it must be noticed that a slight shift
exist between the model and the experimental data between 2 and 10 % strain
with the FE model over evaluating the stress level. However, as the ring is de-
signed to remain under elastic stress during SCC testing (approximately below
1000 MPa), this shift between computed stress and real stress does not aﬀect the
analysis results.
7.1.2 Cold-worked 78456/337
Mechanical properties of alloy 600 78456/337 21 % cold-worked have been used
as input data during the design stage of the proving ring. The input data are pre-
sented Table 7.2 and the corresponding curves in Figure 7.2.
Table 7.2 – Input mechanical property data for 78456/337 21 % cold-worked.
Parameter Units OrientationL 45 ◦ T
Temperature ◦C 360 360 360
Young’s modulus GPa 216 202 208
0.2 % oﬀset yield strength MPa 673 612 563
Elongation % 21 23 25
Exponent n - 8.26 9.86 8.34
Yield oﬀset α - 5.73 1.28 2.44
Thermal expansion coeﬃcient m/m/◦C 14.2× 10−6 [4]
As can be seen on each detailed graphs, the model ﬁts the experimental data very
well. Nevertheless it can be noticed that for the β = 1 orientation a signiﬁcant
deviation exists around the yield strength. This remark is also valid to a lesser
extent for the 45◦ and transverse orientations. However, as the specimens are to be
tested well beyond the yield strength, this deviation is not considered detrimental.
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(a) Longitudinal orientation
(b) 45◦ orientation
(c) Transverse orientation
Figure 7.2 – Deformation plasticity ﬁt of 78456/337 21 % cold-worked (true stress-
strain curves at 360 ◦C).
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7.1.3 As-received WF675
Forged CRDM nozzle WF675 was one of the materials to be subjected to stress
corrosion cracking testing. The experimental true stress-strain data and Ramberg-
Osgood plasticity FE model are plotted Figure 7.3 and the corresponding input
data are presented Table 7.3.
Table 7.3 – Input mechanical property data for WF675 as-received.
Parameter Unit OrientationA 45◦ C
Temperature ◦C 360 360 360
Young’s modulus GPa 201 228 197
0.2 % oﬀset yield strength MPa 412 379 431
Elongation % 36 37 35
Exponent n - 4.79 3.81 5.70
Yield oﬀset α - 5.09 3.48 7.75
Thermal expansion coeﬃcient m/m/◦C 14.2× 10−6 [4]
It appears clearly on the curves that the ﬁt between experimental and modelling
curves is very good in the plastic region of the curves but rather poor below 2.5 %
strain. As the specimens are to be tested in the plastic region, far above the
yield strength, the mechanical properties input is good and it is believed that the
deviation at low stress will not alter the results.
7.1.4 Cold-worked WF675
Cold-worked WF675 is the second material to be subjected to stress corrosion
cracking testing. The experimental true stress-strain data and Ramberg-Osgood
plasticity FE model are plotted in Figure 7.4 and the corresponding input data
are presented Table 7.4.
Table 7.4 – Input mechanical property data for WF675 15 % cold-worked.
Parameter Units OrientationA 45◦ C
Temperature ◦C 360 360 360
Young’s modulus GPa 195 186 184
0.2 % oﬀset yield strength MPa 734 666 688
Elongation % 11 10 9
Exponent n - 12.53 15.71 17.23
Yield oﬀset α - 3.09 0.56 0.70
Thermal expansion coeﬃcient m/m/◦C 14.2× 10−6 [4]
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By comparison with the as-received material, the ﬁt between experimental and
modelling curves is very good in both elastic and plastic regions. There is only a
slight deviation around the yield strength value for the β = 1 orientation (axial).
With the exception of this point, the Rambert-Osggod model describes perfectly
the mechanical properties of WF675 15 % cold-worked.
7.2 Output data
The objective of the ﬁnite element modelling was to determine the bolt shorte-
ning value required to obtain a specimen true stress (at 360 ◦C) of 700 MPa for
78456/337 21 % cold-worked, 600 MPa for WF675 as-received, and 800 MPa for
WF675 15 % cold-worked.
7.2.1 Cold-worked 78456/337
The behaviour of the proving ring has been investigated by varying the bolt shor-
tening value from 0 up to 2 mm by increments of 0.2 mm, between 20 and 360 ◦C.
For each orientation, diagrams of the specimen stress and the ring stress as a func-
tion of the bolt shortening and the time have been made. These graphs are presen-
ted in Appendix D (Figure D.2 to Figure D.7) and a summary is given Table 7.5.
Table 7.5 – FE model results for 78456/337 21 % CW.
Orientation Bolt shortening Specimen stress Ring stress(mm) (MPa) Y axis (MPa)
Step 1 Step 2 Step 1 Step 2
A (β = 1.00) 1.3 mm 769 705 728 668
45◦ (β = 0.25) 1.4 mm 757 697 757 660
T (β = −0.50) 1.6 mm 762 704 786 667
The bolt shortening necessary to reach a stress of 700 MPa at 360 ◦C is diﬀerent
for each orientation. For the longitudinal orientation, 1.3 mm of bolt shortening
is required whereas 1.4 mm for the 45◦ orientation and 1.6 mm for the transverse
orientation must be applied. This ranking corresponds exactly to the ranking of
the mechanical properties: the diﬀerent bolt shortening values can directly be lin-
ked to the mechanical properties of the specimens. The material with the highest
mechanical properties will require less strain than the materials with lower me-
chanical properties to reach a given stress level.
In terms of stress, the three orientations are close to each other with a level around
760 MPa at the end of the step 1 (loading step) and 700 MPa (the required value
for the SCC tests) at the end of the step 2 (temperature step). The relaxation
between step 1 and 2 is about 60 MPa for all orientations. The stress distribution
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(a) Axial orientation
(b) 45◦ orientation
(c) Circumferential orientation
Figure 7.3 – Deformation plasticity ﬁt of WF675 as-received (true stress-strain
curves at 360 ◦C).
138
III. Results 7.2. Output data
(a) Axial orientation
(b) 45◦ orientation
(c) Circumferential orientation
Figure 7.4 – Deformation plasticity ﬁt of WF675 15 % cold-worked (true stress-
strain curves at 360 ◦C).
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within the specimen is presented in Figure D.8 (Appendix D page 202), it can be
observed that the stress is maximum and homogeneous over the whole specimen
gauge length, which is the zone of interest during SCC experiments.
Regarding the ring, the values at the end of the step 1 show slight diﬀerences
between the orientations. The stress created along the vertical Y axis increases
as the bolt shortening value increases. This follows the opposite trend of the
specimen mechanical properties: if the mechanical properties decrease the stress
in the ring increases. The values are included between 728 MPa (L orientation)
and 786 MPa (T orientation). At the end of the second step, these deviations no
longer exist as the values converge toward 665 MPa whatever the orientation.
7.2.2 CRDM nozzle WF675
The same procedure as for 78456/337 material has been used to model the beha-
viour of WF675 specimens. The general behaviour of the set-up remains identi-
cal, i.e. the plastic strain is homogeneously located on the specimen gauge, the
correct stress level can be achieved at 360 ◦C and there is no signiﬁcant plastic
deformation of the ring. The modelling results for as-received and cold-worked
WF675 are summarised Table 7.6.
Table 7.6 – Alloy 718 model results for WF675.
Material Orientation Bolt shortening True stress at 360
◦C
(mm) (MPa)
WF675 A 2.75 598
as-received 45
◦ 3.75 599
C 2.75 597
WF675 15 % A (β = 1.00) 2.00 804
cold-worked 45
◦ (β = 0.25) 2.00 806
C (β = −0.50) 2.00 802
For the as-received material, there is a signiﬁcant diﬀerence between the 45◦ orien-
tation and the two other ones. With much lower mechanical properties, the bolt
shortening value has to be much higher to reach comparable stress levels to the
axial and circumferential orientations (3.75 mm against 2.75 mm). For the cold-
worked material, the mechanical properties are much closer and the stress-strain
curves are very close to each other hence the identical bolt shortening value.
7.3 Model assessment
In order to test the model, the convergence of the results has been veriﬁed and
an experimental calibration has been undertaken.
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7.3.1 Convergence
A good indication of the quality of a model is the inﬂuence of the mesh and the
element number on the model results. In the present work tetrahedral and hexa-
hedral meshes have been compared and the results are presented in Figure 7.5.
Figure 7.5 – Convergence of the FE model.
The plots above clearly demonstrate that the results do not signiﬁcantly change
from one type of mesh to another. In addition, as the number of elements is
increased, the results tend to converge towards a constant value.
7.3.2 Calibration
The experimental calibration of the proving-ring versus the computed model for
as-received WF675 has been performed. The strain values (at 20 and 360 ◦C) were
used to calculate the corresponding stress from the stress-strain curves for each
orientation. The analytical and experimental results are plotted in Figure 7.6.
Figure 7.6 – Experimental calibration of the proving ring.
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From the graph, it appears that the values predicted by the model are in good
agreement with the measured values at both 20 and 360 ◦C: the FE model des-
cribes accurately the proving ring set-up which can be used for SCC testing.
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Chapter8
Stress corrosion cracking testing
This chapter reports the results obtained from the diﬀerent types of stress corro-
sion cracking testing performed.
8.1 Susceptibility assessment
The rolled divider plate 78456/337 is weakly or not susceptible to stress corrosion
cracking in the as-received condition but was expected to be susceptible after cold
work. Slow strain rate tests have been performed on the 21 % cold-worked mate-
rial to assess its susceptibility to SCC. No testing of WF675 was needed as this
material has a well documented SCC cracking record [193].
One specimen in the longitudinal orientation and one specimen in the 45◦ orien-
tation have been exposed to SCC. Test results are presented in Table 8.1 and the
corresponding curves are plotted in Figure 8.1. After an elongation to fracture of
more than 15 %, a ductile failure was obtained on both specimens, as the fracture
surfaces in Figure 8.2 show.
Table 8.1 – Slow strain rate test summary.
Orientation Maximum load (N) Time to failure (h) Remark
L 5340 1126 No SCC
45◦ 6190 1037 No SCC
No clear evidence of stress corrosion cracking was found on the fracture surfaces,
only dimples which demonstrate a purely ductile mechanical failure [22]. The
examination of specimen median sections was consistent with the fracture surfaces,
as no crack was found. Both observations indicate a high resistance to initiation
of 78456/337 even in the 21 % cold work state although it has subsequently been
found susceptible to SCC propagation in recent work from Couvant et al. [204].
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45◦
Figure 8.1 – 78456/337 21 % cold-worked stress-strain curves from SSRT (strain
rate of 5× 10−8 s−1, smoothed data).
250 μm
(a) General view
5 μm
(b) High magniﬁcation
Figure 8.2 – Fracture surface of 78456/337 SSRT specimen (21 % cold-worked
material, strain rate of 5× 10−8 s−1).
8.2 Wedge-opening loading specimens
Wedge-opening loading specimens coming from a study conducted by Vaillant and
Moulart [194] have been provided by EDF. Specimens from WF675 and 2360 ma-
terials had been tested at a stress intensity factor around 33 MPa
√
m at 325 ◦C.
The assessment of the maximum crack length (Δl) has been performed, the re-
sults are summarised Table 8.2 and the corresponding fracture surfaces are shown
from Figure 8.3 to Figure 8.6.
Table 8.2 – Wedge-opening loading test summary.
Material Specimen Duration (h) K (MPa
√
m) Δl (mm)
WF675 AR U589-5 1603 32.8 1.4
2360 AR D725-A2 2462 33.9 0
2360 8 % CW D725-X1 2000 33.1 0.5 local
2360 21 % CW D725-Y2 2000 33.7 2.0
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200 μm
(a) General view
50 μm
(b) High magniﬁcation
Figure 8.3 – Fracture surface of WOL U589-5 specimen (As-received WF675 ma-
terial, K325 ◦C = 32.8 MPa
√
m).
200 μm
(a) General view
50 μm
(b) High magniﬁcation
Figure 8.4 – Fracture surface of WOL D725-A2 specimen (As-received 2360 ma-
terial, K325 ◦C = 33.9 MPa
√
m).
200 μm
(a) General view
50 μm
(b) High magniﬁcation
Figure 8.5 – Fracture surface of WOL D725-X1 specimen (8 % cold-worked 2360
material, K325 ◦C = 33.1 MPa
√
m).
Results demonstrate that the forged material WF675 is susceptible to SCC in
the as-received condition with a maximum crack length of 1.4 mm obtained af-
ter 1603 hours. By contrast, the rolled material 2360 in the same condition is
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200 μm
(a) General view
50 μm
(b) High magniﬁcation
Figure 8.6 – Fracture surface of WOL D725-Y2 specimen (21 % cold-worked 2360
material, K325 ◦C = 33.7 MPa
√
m).
not susceptible (no cracking in 2462 h). On the other hand, 2360 material is sus-
ceptible when cold-worked and a level of 21 % is necessary to obtain a maximum
crack length comparable to that obtained for as-received forged material WF675.
8.3 Proving ring tests
Forged material WF675 in both as-received and cold-worked conditions has been
tested under constant load using proving rings for test durations of 500, 1500,
or 2500 hours. The stress level was set to be identical for all three orientations:
700 MPa for the as-received material and 800 MPa for the 15 % cold-worked
material. The maximum crack depth (Δd) data obtained as a function of the
applied true stress (σt) or the ratio between applied true stress and yield strength
(σt/YS) are presented below.
8.3.1 As received WF675
A summary of the tests performed on the as-received WF675 material is presen-
ted in Table 8.3 and the corresponding data are plotted in Figure 8.7.
From the crack depth measurements, it appears that the initiation time is bet-
ween 1500 and 2500 hours under an applied stress of approximately 700 MPa.
Indeed, no cracking was recorded after 500 hours and a single 2 μm crack was
observed on the circumferential orientation after 1500 hours, the other two orien-
tations showing no cracking. After 2500 hours, the most susceptible orientation
is the 45◦ orientation with a maximum crack depth of 24 μm. The circumferen-
tial and axial orientations have maximum crack depths of nearly half that of the
45◦ orientation with values of respectively 12 μm and 8 μm. These two orien-
tations have therefore similar susceptibilities and are signiﬁcantly more resistant
that the 45◦ orientation.
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Table 8.3 – Proving ring test summary for as-received WF657.
Specimen Orientation σt (MPa) σt/YS Duration (h) Δd (μm)
SC2 A 690 1.67 500 0
SC3 A 690 1.67 1500 0
SC4 A 708 1.72 2500 8
SC9 45◦ 703 1.85 500 0
SC12 45◦ 707 1.87 1500 0
SC10 45◦ 721 1.90 2500 24
SC6 C 699 1.62 500 0
SC8 C 714 1.66 1500 2
SC7 C 731 1.70 2500 12
μ
m
45◦
690 MPa
708 MPa
690 MPa703 MPa
721 MPa
707 MPa699 MPa
714 MPa
731 MPa
Figure 8.7 – Proving ring test results for as-received WF657.
8.3.2 Cold-worked WF675
The results of the proving ring testing on WF675 cold-worked at 15 % are gathe-
red Table 8.4 and illustrated in Figure 8.8. For short SCC test durations, i.e. 500
and 1500 hours, results are comparable to those of the as-received WF675 material
with no cracking detected for any of the tested orientation. For the 2500-hour test
duration, the circumferential and axial orientations have similar crack depths with
a maximum value of respectively 17 μm and 15 μm. The 45◦ orientation specimen
failed due to SCC, as demonstrated by the fracture surface shown in Figure 8.9,
which indicates the highest susceptibility to SCC out of the three orientations.
The fracture surface of SCW9 specimen in Figure 8.9 exhibits on nearly a half of
the fracture surface a brittle aspect with crack propagating along the grain boun-
daries, which is typical of alloy 600 IGSCC. The corresponding time to failure
cannot be determined accurately but is between 1500 and 2500 hours for an ap-
plied true stress of 808 MPa.
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Table 8.4 – Proving ring test summary for WF657 15 % cold-worked.
Specimen Orientation σt (MPa) σt/YS Duration (h) Δd (μm)
SCW3 A (β = 1.00) 796 1.08 500 0
SCW4 A (β = 1.00) 797 1.09 1500 0
SCW2 A (β = 1.00) 799 1.09 2500 15
SCW10 45◦ (β = 0.25) 792 1.19 500 0
SCW11 45◦ (β = 0.25) 795 1.19 1500 0
SCW9 45◦ (β = 0.25) 808 1.21 2500 850 (f)a
SCW6 C (β = −0.50) 786 1.14 500 0
SCW7 C (β = −0.50) 792 1.15 1500 0
SCW5 C (β = −0.50) 799 1.16 2500 17
a (f) indicates a failed specimen
μ
m
45◦
796 MPa 797 MPa
799 MPa
792 MPa 795 MPa
808 MPa
786 MPa 792 MPa
799 MPa
Figure 8.8 – Proving ring test results for cold-worked WF657 (failed specimens
are indicated with a vertical arrow).
250 μm
(a) General view
10 μm
(b) High magniﬁcation
Figure 8.9 – Fracture surface of proving ring SCW9 specimen (WF675 15 % cold-
worked material, 45◦ orientation, β = −0.50, σt = 808 MPa, 2500 h).
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The ranking by orientation is similar for both as-received and cold-worked ma-
terials however, the susceptibility gap between the 45◦ orientation and the axial
and circumferential orientations is increased by cold-working. In terms of β, the
decreasing susceptibility ranking is 0.25, −0.50, and 1.00.
8.4 Dead weight tests
Constant load tests in autoclaves ﬁtted with dead weight loading lines were per-
formed on materials WF675 as-received and cold-worked, as well as material
78456/337 cold-worked.
8.4.1 As-received WF675
A summary of the tests undertaken on the as-received WF675 material is provi-
ded Table 8.5 and the corresponding data are plotted in Figure 8.10.
Table 8.5 – Dead weight test summary of WF675 as received.
Specimen Orientation σt (MPa) σt/YS Duration (h) Δd (μm)
C4 A 631 1.53 5000 55
C16 45◦ 662 1.75 4600 1000 (f)
C13 45◦ 436 1.15 5000 11
C11 45◦ 587 1.55 5000 19
C12 45◦ 592 1.56 5000 17
C15 45◦ 650 1.72 5000 151
C6 C 808 1.87 1400 950 (f)
C9 C 546 1.27 5000 23
C10 C 654 1.52 5000 44
C8 C 670 1.55 5000 28
From Figure 8.10, signiﬁcant diﬀerences between the orientations can be observed.
The maximum damage, 151 μm, is obtained with the 45◦ orientation for a stress
of 650 MPa (C15 specimen). For specimens from the same orientation at lower
stresses (below 600 MPa), the maximum crack depths are below 20 μm (C11, C12,
and C13). For the axial orientation, the maximum crack depth at 631 MPa (C4)
is about a third of that obtained for the 45◦ orientation (55 μm against 151 μm).
Finally, for the circumferential orientation, the maximum damage extent is even
lower than for the other two orientations: for a stress in the region of 660 MPa,
the maximum crack depth is between 30 and 40 μm (C8 and C10).
Two specimens failed during testing: one specimen in the 45◦ orientation failed
after 4600 hours under a stress of 662 MPa, whereas one specimen in the cir-
cumferential orientation failed after 1400 hours under a stress of 808 MPa. The
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45◦
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C13
C11 C12
C15
C9
C10
C8
Figure 8.10 – Dead weight test results for as-received WF675.
corresponding fracture surfaces are presented in Figure 8.11 and Figure 8.12 and
are similar. About a quarter of the specimen section failed by SCC, the cracking
is intergranular, as expected for alloy 600 in a pressurised water reactor environ-
ment: the grain boundaries appear smooth and do not exhibit any strong traces
of dissolution [44]. The remainder of the specimen failed plastically due to the
overload caused by the section reduction resulting from the cracking process.
250 μm
(a) General view
20 μm
(b) High magniﬁcation
Figure 8.11 – Fracture surface of dead weight C16 specimen (WF675 as-received
material, 45◦ orientation, σt = 662 MPa, 4600 h).
With as-received materials, no SCC occurred for applied stress levels below the
yield strength, emphasising the need for plastic deformation for SCC to occur.
Therefore, the stress may not be the most appropriate parameter to compare
the inﬂuence of the specimen orientation on the SCC susceptibility, as the yield
strength values vary signiﬁcantly from one orientation to another, it seems more
relevant to compare material damage at constant true stress-yield strength ratio
(σt/YS). The corresponding data are plotted in Figure 8.13.
On this plot it appears that only ﬁve specimens are comparable (true stress to yield
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250 μm
(a) General view
10 μm
(b) High magniﬁcation
Figure 8.12 – Fracture surface of dead weight C6 specimen (WF675 as-received
material, circumferential orientation, σt = 808 MPa, 1400 h).
μ
m
45◦
C4
C13
C11 C12
C15
C9
C10
C8
Figure 8.13 – Dead weight test results for as-received WF675 in σt/YS.
strength ratio between 1.5 and 1.6). The axial orientation is the most susceptible
to SCC, followed by the circumferential orientation and ﬁnally the 45◦ orientation.
The orientation eﬀect seems signiﬁcant as there is a factor of three diﬀerence in the
crack depth between the axial and the 45◦ orientation (respectively 55 and 17 μm).
An interesting data point is the specimen C15 as the crack depth data from the
45◦ orientation suggest that specimen C15 is in the fast propagation regime. The
maximum crack depth increases from 11 to 19 μm over the range 430–600 MPa
whereas it increases from 19 to 151 μm over the range 600–650 MPa.
Other evidence support this observation. First, Santarini’s analysis applied to
specimen C15 shows that a change in the slope of N(l, T ) plotted against the
crack depth occurs for a crack depth of around 50 μm (Figure 8.14). This de-
monstrates that the crack depth at which the transition from slow to fast propa-
gation occurs, l ∗, is close to 50 μm. This result has been repeated on a specimen
from another study (Appendix H) and is consistent with previous results [108].
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Second, the specimen C16 failed after 4600 hours under a stress of 662 MPa which
is slightly higher than the stress level of specimen C15 and explains the failure
before 5000 hours. Additionally, using the test parameters (stress, temperature,
time to failure) corresponding to specimen C16 to calculate from the Index Model
the stress required to cause failure within 5000 hours gives a stress of 648 MPa,
which is consistent with specimen C15 stress level.
N
(l
,T
)
μm
y = 408.23 exp(−0.1003x)
R2 = 0.9449
y = 5.6476 exp(−0.0115x)
R2 = 0.9977
μm
Figure 8.14 – Santarini’s analysis of specimen C15 (WF675 as-received material,
45◦ orientation, σt = 650 MPa, 5000 h).
8.4.2 Cold-worked WF675
The results of the dead weight SCC testing on WF675 cold-worked at 15 % are
gathered Table 8.6 and illustrated in Figure 8.15.
Table 8.6 – Dead weight test summary for cold-worked WF675.
Specimen Orientation σt (MPa) σt/YS Duration (h) Δd (μm)
CW2 A (β = 1.00) 751 1.02 5000 12
CW16 45◦ (β = 0.25) 734 1.10 1680 9
CW15 45◦ (β = 0.25) 815 1.22 2736 950 (f)
CW8 C (β = −0.50) 816 1.19 236 50
CW9 C (β = −0.50) 828 1.20 236 1100 (f)
CW11 C (β = −0.50) 746 1.08 2500 25
CW7 C (β = −0.50) 705 1.02 5000 17
As the data have been obtained for diﬀerent test durations and stress levels, it
appears diﬃcult to diﬀerentiate the susceptibilities of the three orientations (in
contrast to the as-received materials where most of the specimens were tested up
to 5000 h). Nevertheless, comparisons can be made for specimens tested for the
same duration. For example it can be said that the circumferential orientation is
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more susceptible than the axial as after 5000 hours, specimen CW7 (C orienta-
tion) has a maximum crack depth of 17 μm under a stress of 705 MPa, whereas
specimen CW2 (A orientation) has a smaller maximum crack depth for a higher
stress level (12 μm at 751 MPa).
μ
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Figure 8.15 – Dead weight test results for cold-worked WF675.
In addition, the axial specimen CW2 and 45◦ specimen CW16 have similar maxi-
mum crack depths (respectively 12 μm and 9 μm). However, if the stress levels
are comparable (around 740 MPa), specimen CW2 has been tested for a test du-
ration more than twice as long as that of specimen CW16. This results indicates
that the 45◦ orientation is more susceptible than the axial orientation.
Unfortunately, the maximum crack depths data cannot give any clear informa-
tion between the 45◦ and circumferential orientations. Nonetheless, the time to
failure corresponding to the failed specimens can indicate the relative suscepti-
bilities. Specimens from the 45◦ (CW15) and circumferential orientation (CW9)
failed under similar stress levels (around 820 MPa) but the times to failure are
an order of magnitude apart with the circumferential orientation being the most
susceptible (236 against 2736 h).
8.4.3 Cold-worked 78456/337
The rolled material 78456/337 cold-worked at 21 % has been subjected to constant
load SCC testing to verify the SSRT results. The data are gathered Table 8.7.
For this material, the maximum damage is obtained in the 45◦ orientation with a
extent of 8 μm followed by the longitudinal orientation with 7 μm, and the trans-
verse orientation with 5 μm.
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Table 8.7 – Dead weight test results for cold-worked 78456/337.
Specimen Orientation σt (MPa) σt/YS Duration (h) Δd (μm)
TCW1 L (β = 1.00) 705 1.05 6360 7
TCW13 45◦ (β = 0.25) 683 1.12 6360 8
TCW6 T (β = −0.50) 682 1.22 5000 5
The maximum crack depths obtained in all three orientations are very limited
(< 10 μm) even after test durations above 5000 hours. The results from the dead
weight tests are therefore consistent with results from the slow strain rate tests
and support an unusual high resistance to stress corrosion cracking of 78456/337
material (even with a high cold work degree).
8.5 Combination of constant load test results
Data coming from constant load tests, both proving ring and dead weight, have
been combined in order to reveal trends and provide data for potential extrapo-
lations.
8.5.1 As-received WF675
The combined data for the as-received WF675 material are plotted in Figure 8.16.
There appears to be a degree of inconsistency between the proving ring and dead
weight tests, as the susceptibility ranking varies with time. At 2500 hours, the
45◦ orientation is the most susceptible with a maximum crack depth more than
twice that of the other two orientations. On the other hand, at 5000 hours,
the axial orientation becomes the most susceptible followed by the 45◦ and cir-
cumferential orientations. The lack of data between test durations of 2500 and
5000 hours appears to be detrimental and no clear trend can be observed.
μ
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45◦
690 MPa
690 MPa
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631 MPa
703 MPa
707 MPa
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436 MPa
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592 MPa
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546 MPa
654 MPa
670 MPa
Figure 8.16 – Combination of constant load test results for as-received WF675.
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8.5.2 Cold-worked WF675
The data from proving ring and dead weight tests on WF675 cold-worked at 15 %
are gathered in Figure 8.17.
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Figure 8.17 – Combination of constant load test results for cold-worked WF675.
Only results from the 45◦ orientation seem to be consistent across the test dura-
tion range and between test types. At a stress level close to 800 MPa the initiation
time is at least 1500 hours (SCW10 and SCW11), whereas a damage of 13 μm is
obtained in 1680 hours (CW16) and the failure is reached in 2970 hours (CW15).
Additionally, it is also consistent with proving ring SCW9 specimen which failed
between 1500 and 2500 hours at a stress of 808 MPa.
Regarding the other two orientations, there is a limited agreement between pro-
ving ring and dead weight tests. For the axial orientation, proving ring tests indi-
cate an incubation period of at least 1500 hours and a damage of 15 μm in 2500 h.
However, the damage is similar for the constant load test (16 μm) in 5000 h. For
the circumferential orientation, the results from proving ring tests are similar to
that of the axial orientation: incubation time of at least 1500 hours, maximum
crack depth of 17 μm after 2500 hours. Despite several specimens tested at dif-
ferent stress levels for various test durations, the dead weight test results are too
scattered to identify a clear trend.
8.6 Statistical analysis
A statistical analysis using a two-sample Kolmogorov-Smirnov test has been per-
formed in order to determine statistically signiﬁcant diﬀerences between speci-
mens. It is important to notice that in this statistical analysis, the whole crack
depth distribution is taken into account, unlike the results presented so far, which
were considering only the maximum crack depth.
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The Kolmogorov-Smirnov test returns a p-value (in %) which is the probability
that a test statistic at least as signiﬁcant as the one observed would be obtai-
ned assuming that the crack depth values from the two specimens are from the
same continuous distribution. Two specimens are considered diﬀerent when the
Kolmogorov-Smirnov test returns a p-value inferior to 5 %.
8.6.1 As-received WF675
A summary of the p-values (section 4.6.2 page 95) obtained for Kolmogorov-
Smirnov tests of as-received WF675 material is presented Table 8.8. The smaller
the p-value, the stronger the evidence against the crack depth values from the two
specimens coming from the same distribution.
Table 8.8 – P -value of two-sample Kolmogorov-Smirnov test for as-received WF675
(red values indicate specimens from diﬀerent continuous distributions).
Specimen C4 C8 C9 C10 C11 C12 C15
C4 (A) 100 0 56 82 0 0 100
C8 (C) 0 100 3 0 2 79 0
C9 (C) 56 3 100 77 27 2 65
C10 (C) 82 0 77 100 1 0 94
C11 (45◦) 0 2 27 1 100 3 0
C12 (45◦) 0 79 2 0 3 100 0
C15 (45◦) 100 0 65 94 0 0 100
The statistical analysis can be done on two levels: between specimens from the
same orientation and between specimens from diﬀerent orientations. Specimen C4
being the only specimen from the axial orientation, it will serve as a basis for com-
parison between specimens from diﬀerent orientations.
In the 45◦ orientation, specimen C15 is statistically similar to C4 whereas C11
and C12 are diﬀerent from C4. However, when compared to each other, C11 and
C12 are diﬀerent although being from the same orientation and tested at similar
stress levels. An important remark is that specimen C13 could not be statisti-
cally evaluated as only one crack was found on the specimen section.
For the circumferential orientation, specimens C9 and C10 are similar to each
other and to axial specimen C4. Only specimen C8 is statistically diﬀerent from
C4, C8 and C9. The Kolmogorov-Smirnov analysis of the as-received WF675 em-
phasises the fact that the scatter of the data is too important and no statistical
signiﬁcant diﬀerences between the orientations can be found.
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8.6.2 Cold-worked WF675
A summary of the p-values obtained for Kolmogorov-Smirnov test of cold-worked
WF675 material is presented Table 8.9.
Table 8.9 – P -value of two-sample Kolmogorov-Smirnov test for cold-worked
WF675 (red values indicate specimens from diﬀerent continuous distributions).
Specimen SCW2 CW2 CW16 SCW5 CW8 CW11 CW7
SCW2 (A) 100 0 0 100 74 0 7
CW2 (A) 0 100 100 0 1 2 38
CW16 (45◦) 0 100 100 0 0 0 7
SCW5 (C) 100 0 0 100 25 0 1
CW8 (C) 74 1 0 25 100 0 5
CW11 (C) 0 2 0 0 0 100 1
CW7 (C) 7 38 7 1 5 1 100
The statistical analysis is more complex than for the as-received material as speci-
mens have been tested for diﬀerent test durations. However, some remarks can be
made. Axial specimens SCW2 and CW2 are diﬀerent although having the same
maximum crack depth value. For both 2500 and 5000 hour SCC tests, axial and
circumferential specimens are similar.
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PART IV
Discussion

Chapter9
Susceptibility vs microstructure
9.1 SCC susceptibility
One of the most interesting and striking results from this study is the lack of
susceptibility to initiation of rolled divider plate 78456/337 even cold-worked at
21 %. Such results have been obtained ﬁrst by slow strain rate tests (purely duc-
tile fracture surface, no cracking observed on a cross section), and later conﬁrmed
by constant load tests (maximum crack depth of 8 μm after 6360 h). The results
are illustrated in Figure 9.1.
10 μm
(a) Fracture surface from slow strain rate
test specimen
μm
(b) Crack depth distribution from dead weight
test specimen
Figure 9.1 – SCC test results from 78456/337 21 % cold-worked.
These data obtained with two diﬀerent types of SCC tests contrast with recent
results from Couvant et al. [204]. In their study, the authors have not observed
SCC on CT specimens of 78456/337 material cold-worked at 0 %, 4 %, and 8 %
when tested at 325 ◦C. However, the authors have recorded localised IGSCC on
78456/337 material cold-worked at 8 % when tested at 345 ◦C as Figure 9.2 de-
monstrates (maximum crack length of 400 μm obtained in 1600 h, equivalent to
a maximum crack growth rate of 0.25 μm/h). No explanation has been found so
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far on why 78456/337 material appears to be resistant to initiation but suscep-
tible to propagation (when cold-worked above 8 %).
 
Figure 9.2 – Localised IGSCC observed on cold-worked 78456/337, from [204]
(CT specimen, 8 % CW, 1600 h in primary water at 345 ◦C, K = 40 MPa
√
m).
Regarding wedge-opening loaded specimens, results have conﬁrmed the high sus-
ceptibility of WF675 material in the as-received condition, as reported in previous
work [193]. By contrast, the same tests have demonstrated the non-susceptibility
of 2360 material in the same condition but this material does suﬀer from SCC when
cold-worked at 8 %. Moreover, for a cold work level of 21 %, the SCC susceptibility
of 2360 material is similar to that of WF675 material in the as-received condition.
These ﬁndings demonstrate that the forged material is more susceptible than the
rolled materials, as no cold work is required for SCC to occur. However, the SCC
susceptibilities are very diﬀerent even between rolled materials. As all materials
have been tested under stress in primary water environment, the diﬀerences in
stress corrosion cracking behaviour can only be explained by the material parame-
ter. Additionally, as the chemical compositions are similar, and more particularly
the contents of important elements inﬂuencing SCC (e.g. chromium and carbon),
the diﬀerent SCC behaviours must be accounted for by metallurgical parameters.
9.2 Microstructural analysis
The ﬁrst microstructural parameter to be determined was the carbide distribution
as it is the most important microstructural parameter regarding SCC behaviour.
Results were consistent between carbide distribution and SCC susceptibility for
the two main materials of the present study (forged WF675 and rolled 78456/337).
On one hand, the intragranular carbides of WF675 are detrimental towards SCC
resistance and agree well with the high susceptibility of the forged material. In
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contrast to earlier ﬁndings [184, 194, 197–199], however, no evidence of intergra-
nular carbides was detected. This discrepancy may be due to the diﬀerent experi-
mental protocols employed. The bromine-methanol etchant used in other studies
dissolves only the matrix which in the case of materials with intragranular car-
bides (particularly for ghost carbide networks) could render the grain identiﬁca-
tion complex, leading to carbides being identiﬁed as intergranular whereas being
in fact intragranular.
On the other hand, the intergranular carbides of 78456/337 are beneﬁcial and cor-
relate with the high resistance to SCC of the rolled material. However, the divider
plate stub 2360, introduced for comparison purposes, has a similar carbide dis-
tribution to 78456/337 but has been proven to be susceptible to SCC above 8 %
cold work (no SCC observed in the as-received state). Interestingly, this mate-
rial has a higher grain boundary carbide coverage than 78456/337 (70 % against
60 %) yet is much more susceptible. Quantitatively, WOL test results showed
that a cold work level of 21 % was necessary for 2360 to become susceptible to a
similar extent as WF675 in the as-received condition.
Therefore, the observations above indicate that the carbide distribution on its
own cannot fully explain the SCC behaviour of the investigated materials. Other
unknown parameter(s) must act in synergy with the carbides to promote or im-
pede the stress corrosion cracking process.
The second microstructural parameter to be examined was the grain boundary
character. In contrast to previous work [76], this study has been unable to de-
monstrate the inﬂuence of Σ3 grain boundaries on the SCC behaviour. Indeed, the
most resistant material has a signiﬁcantly lower fraction of Σ3 grain boundaries
(15 % less) compared to the more susceptible materials WF675 and 2360. Moreo-
ver, WF675 has also twice the fraction of multiple twinning variants Σ9 and Σ27
of the rolled materials. It was expected that signiﬁcant diﬀerences in grain boun-
dary character, e.g. a higher proportion of Σ3 boundaries, could explain a better
resistance to SCC. However, the results have shown the opposite trend which in-
dicates that, for the materials under investigation, the grain boundary character
diﬀerences cannot account for the variations in SCC behaviour observed between
forged WF675 and rolled 78345/337 and 2360 materials.
The third and ﬁnal microstructural parameter to be determined was the crystal-
line misorientation. In the as-received condition, results highlighted the diﬀerences
between rolled and forged materials. Both rolled materials are non susceptible to
SCC in the as-received condition and have a very low misorientation: 90 % of the
misorientation values are below 0.7◦ for 78456/337 and 0.8◦ for 2360. Regarding
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the forged material, the misorientation analysis revealed interesting consequences
of the forging process. First, the presence of a duplex microstructure with ﬁne and
coarse grains. The coarse grains are non-recrystallised grains remaining from the
two step forging process followed by thermal treatment. The inhomogeneity of the
forging process, added to the relatively low thermal treatment temperature, could
explain why such microstructure develops. Second, these coarse grains are asso-
ciated with high values of misorientation, it has been shown that the cumulative
misorientation could rise from 0.5◦ to around 5◦ with increasing fraction of large
grains. Hence, it could conceivably be hypothesised that a large misorientation,
in synergy with a susceptible microstructure in the case of WF675 (intragranular
carbides), can result in a very high SCC susceptibility. However, such hypothesis
could explain the high susceptibility of forged WF675 material but does not give
any explanation about the high resistance of cold-worked 78456/337 material.
The misorientation analysis of the cold-worked materials gives a better understan-
ding of the relationship between misorientation and susceptibility. For all three
materials, the cold work increases the misorientation, however, the increase is dif-
ferent for each materials. For forged WF675 cold-worked at 15 %, the increase
is maximal with 90 % of the misorientation values rising from 0.5◦ (small grain
only area) to 7.8◦. A similar misorientation increase is observed for 2360 mate-
rial which is cold-worked at a higher level of 21 % (the cumulative misorientation
increases from 0.7◦ to 7◦). This demonstrates the fact that the cold work creates
a greater misorientation in the forged than in the rolled material studied in this
work. This is conﬁrmed by 78456/337 material cold-worked at 21 % which under-
goes a misorientation increase from 0.8◦ to only 4.4◦. This result could also ex-
plain why this material is resistant to SCC: for a similar level of cold work between
78456/337 and 2360, the misorientation is only half that of 2360 material. In this
condition, the 2360 material is very susceptible to SCC whereas the 78456/337 is
not despite both having a favorable microstructure (intergranular carbides).
This combination of ﬁndings provides some support for the conceptual premise
that a high misorientation can be linked to a high susceptibility to stress corrosion
cracking. However, the relationship is not straightforward and other important
microstructural parameters such as the carbide distribution must be taken into
account. The crystalline misorientation, in conjunction with the carbide distri-
bution, are however the only parameters to be fully consistent with the observed
SCC susceptibilities:
• WF675 has a susceptible microstructure (intragranular carbides) and a high
misorientation in both the as-received and cold-worked condition. This ma-
terial is the most susceptible material to SCC regardless of cold work level,
• 78456/337 has a non-susceptible microstructure (intergranular carbides) and
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a low misorientation in both the as-received and cold-worked condition. This
material is the most resistant material to SCC,
• 2360 has a non-susceptible microstructure (intergranular carbides) but a low
misorientation in the as-received condition and a high misorientation in the
cold-worked condition. This material is resistant in the as-received state but
susceptible after cold work.
As the misorientation study relies on an original analysis developed by F. Di Gioac-
chino [188] at the University of Manchester, its core concepts will now be detailed
and discussed.
The misorientation analysis ﬁrst processes raw crystal orientations and calculates
the mean crystal orientation of each grain using quaternions. Then, the miso-
rientation of each pixel relative to the determined mean orientation of the corres-
ponding grain is calculated. The determination of the mean crystal orientation
usually requires the use of a rotation matrix composed in terms of Euler angles by
the product of the three rotation matrices according to three rotations (Rφ,z, Rθ,x
and Rψ,z similar to the β parameter calculation in Appendix G). However, seve-
ral limitations are linked to the use of matrices for rotation computations. First,
ambiguities can arise when trying to determine Euler angles for an arbitrary ro-
tation [188]. Indeed, although a given rotation can be expressed in terms of rota-
tions about orthogonal axes, the solution obtained is not unique [205]. Second, the
required number of operations is relatively high with a total of 27 multiplications
and 18 additions for each element of the product matrix [188]. Finally, computa-
tional errors occur during misorientation calculations and will cause the matrices
to lose their orthogonal property. This problem is particularly diﬃcult to ﬁx [189].
Quaternions oﬀer an interesting alternative to rotation matrices, especially regar-
ding the later two points mentioned. By comparison to rotation matrices, only
16 multiplications and 12 additions are required to calculate each element of the
product matrix. The diﬀerence between quaternions and rotation matrices is thus
not immense but bearing in mind that EBSD maps produced in this study were
typically 585× 475 pixels (277 875 data points), the impact on the computational
time becomes very signiﬁcant. Concerning misorientation calculations, computa-
tional errors cause the quaternions to become of non-unit length. However, the
ﬁx is much simpler than for rotation matrices, as it is only required to divide the
quaternion by its norm [188].
In the literature, crystallographic misorientations have been measured to assess
the plastic strain induced in materials on a microstructural scale (local plastic
strain). For instance, the work from Kamaya [206] showed that in stainless steels,
the plastic strain can be as high as 15 % locally for a macroscopic strain of
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4.9 %. Recently, a similar type of analysis, namely kernel average misorientation
(KAM), has been applied to a nuclear related study by Couvant et al. [201]. The
methodology usually employed is a domain averaging method giving the local
misorientation, ML, calculated according to Equation 9.1:
ML(po) =
1
4
4∑
i=1
β (po − pi) (9.1)
where β (po − pi) denotes the misorientation between a ﬁxed point po and neigh-
boring points pi in the grain as shown in Figure 9.3 [206].
ML =
1
4 (β(p0, p1) + β(p0, p2)
+β(p0, p3) + β(p0, p4))
(a) Deﬁnition within a grain
ML =
1
2 (β(p0, p2) + β(p0, p3))
(b) Deﬁnition at a grain boundary
Figure 9.3 – Deﬁnition of local misorientation for domain averaging method,
from [206].
However, this type of analysis carries with it intrinsic limitations. The domain
averaging method is signiﬁcantly aﬀected by the scan step size and it has been
demonstrated by Kamaya [206] that the average local misorientation increases al-
most linearly with the step size. Furthermore, the analysis is sensitive to errors
in crystal orientation measurement, particularly for small local misorientations.
In this case, the error may become greater than the misorientation angle itself
and the resulting averaged local misorientation is greater than the real misorien-
tation [206]. Indeed, Wilkinson [207] showed that the accuracy of the misorienta-
tion determination is increased for larger misorientation angles.
The misorientation analysis proposed in this study is believed to oﬀer an inter-
esting alternative to the domain averaging method. The outputs from both ana-
lyses are indeed diﬀerent but the misorientation analysis does not depend on the
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scan step size and is much less sensitive to errors in crystal orientation measure-
ment. Moreover both qualitative and quantitative misorientation analyses can be
performed, and the quantitative data have proven to be consistent with the SCC
behaviour of both forged and rolled materials.
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Chapter10
SCC testing vs strain path
10.1 Proving ring
Finite element modelling has been employed to design and assess a proving ring
set-up used for constant load stress corrosion cracking testing. Nevertheless, the
complex geometry has been simpliﬁed and the diﬀerent approximations made are
detailed into the following paragraphs.
The ﬁrst approximation was not to model each and every component of the
proving-ring exactly as it is, as Figure 10.1 shows.
(a) Proving ring (b) Finite element model
Figure 10.1 – Experimental set-up and corresponding ﬁnite element model.
The suppression of the bolt threads is necessary as threads are too complex to be
created and modelled using Abaqus. The suppression of the nuts and the mono-
block design of the assembly ring-bolts-pins derive from the same reason: contacts
between components moving relative to each other have been proven to be too
complex to be taken into account. The deﬁnition of the relevant contact properties
requires data unavailable or hardly accessible (friction coeﬃcients, tolerances. . .)
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and the meshing of the surfaces would thus become too complex. Nonetheless,
the geometry diﬀerences have an eﬀect on the modelling results and there is a de-
viation between the FEA results and the measurements on a real set-up (particu-
larly where the bolts and the ring join and where the pins and the specimen are
linked). The analysis of the FE results must be performed with care, especially
in these regions. Despite the approximations made on the proving ring geometry,
the results from the experimental calibration and the SCC testing have demons-
trated the accuracy of the ﬁnite element model. The specimen stress of all three
orientations measured after calibration agrees with the predictions from the FE
model. In addition, results from proving-ring SCC testing revealed that the be-
haviour of the proving ring was similar between short (calibration) and long test
durations (SCC testing) as the specimen stress levels measured after test were
comparable between 500, 1500, and 2500 hours.
The second approximation made concerns the description of the mechanical beha-
viour. The equation governing the mechanical behaviour of the materials implies
a nonlinear model even at stress levels below the yield stress due the power-law
relationship. However, for hardening exponent values above 5, this nonlinearity
becomes signiﬁcant only for stresses greater than the yield stress. On the other
hand, it is a useful representation of the response of a specimen due to its simple
form. The input data is readily available and the corresponding model completely
describes the mechanical response of the material in both the elastic and plastic
regions. The ﬁt between measured and predicted mechanical properties has been
proven to be satisfactory for all orientations, and the agreement between mea-
sured and predicted specimen stress level emphasises the accuracy of the model.
However, a possible improvement of the model would be the use of a routine to
deﬁne the mechanical property input directly from the stress strain curves obtai-
ned from mechanical testing.
Regarding the mesh, the accuracy of a hexahedral mesh is generally better than
that of a tetrahedral mesh for simple geometries and simple stress states. With
the relatively complex geometry of the proving ring, certain elements are too dis-
torted and induce erroneous stress values. Results have demonstrated that more
distorted elements were created with a hexagonal mesh than with a tetrahedral
mesh. However, in the case of a tetrahedral mesh, the number of elements is much
higher than in the case of a hexagonal mesh and the calculation time can there-
fore be dramatically increased. Nevertheless, the FEM convergence testing has
proven that the computed specimen stress converges rapidly and that for a num-
ber of elements above 200 000, the stress value changes by less than 0.2 % over
the range of number of elements available. The inﬂuence of the mesh is thus ne-
gligeable for a number of elements above 200 000.
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10.2 Strain path
One of the parameters investigated in the present work is the strain path and its
inﬂuence on the SCC behaviour of alloy 600. The strain paths produced in this
work are diﬀerentiated using the scalar parameter β, similar to the work from
Couvant et al. [175]. According to Equation 4.1 page 91, the determination of
β requires only the strain tensor corresponding to the pre-straining ε1, and the
strain tensor corresponding to the subsequent SCC testing ε2.
Calculations have proven to be complex for as-received materials as only ε2 is
known. The determination of ε1 involved measurements of texture, stored energy,
and misorientation but results were inconclusive. Conversely, the calculation of
β is straightforward for cold-worked materials as ε1 and ε2 are known with cer-
tainty. This highlights the ﬁrst limitation of the β parameter: this parameter is
particularly well adapted to a sequential two-step deformation but less adapted to
as-received materials. In this case, advanced microstructural characterisations are
required in order to determine ε1 (see chapter 12). Additionally, another strong
limitation of the β parameter is the fact that it does not account for the amount
of deformation induced, i.e. the double contracted product is normalised by the
strain tensor norms. As a result, it can be argued that the β parameter, despite
being the best parameter currently available to describe strain paths in labora-
tory studies, may need improvement to deﬁne complex strain paths encountered
in plants more accurately.
Regarding the inﬂuence of the strain path on the SCC process, several remarks can
be made. From a mechanical point of view, the strain path has been demonstrated
to have a signiﬁcant eﬀect on the mechanical properties. It is interesting to
note that the eﬀect of successive loading is diﬀerent between forged and rolled
materials studied here, even for the same β value. For example, for the cold-
worked materials, increasing yield strength values are obtained for increasing β
values for 78456/337 material, whereas for WF675, the ranking is β 0.25, −0.50,
and 1.00. Moreover, the diﬀerences between the orientations/strain paths are
signiﬁcant with a variation of more than 80 MPa between the highest and lowest
values. An important consequence of this fact is that when tested at the same
stress level, the amount of plastic strain induced in the specimens from diﬀerent
strain paths is signiﬁcantly diﬀerent and will therefore have an impact on the SCC
test results. In order to deconvolute the eﬀect of the stress from the inﬂuence of the
strain path, it is proposed to plot the maximum crack depth as a function of the
ratio of applied stress to yield strength rather than simply the applied stress. This
way, only the eﬀect of the strain path is considered, and the intrinsic susceptibility
of the orientations resulting from the diﬀerent strain paths can be determined.
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10.3 Proving ring vs dead weight
Results from proving ring tests indicate similar SCC susceptibility rankings bet-
ween the as-received and cold-worked conditions of WF675 material. In both
cases, the least susceptible orientation is the axial orientation, closely followed
by the circumferential orientation, the 45◦ orientation being the most susceptible
and signiﬁcantly more susceptible than the other two. In the as-received condi-
tion, it is interesting to note that cracking is observed after 1500 hours only in the
circumferential orientation (single crack 2 μm deep). This inconsistency between
1500- and 2500-hour tests draws attention to the limited amount of cracks found
on each specimen section and thus challenges the representativeness of this sec-
tion relating to the whole specimen. For very low crack densities (short test du-
rations and/or low stress levels) the methodology employed may not be the most
suitable but an alternative method that would allow scanning the whole specimen
is not yet available. Out of the 18 specimens tested using proving rings, only 2
had a suﬃcient number of cracks to be analysed from a statistical point of view.
When evaluated with the Kolmogorov-Smirnov test, the crack distribution from
these two specimens (SCW2 axial orientation and SCW5 circumferential orien-
tation) were found to come from the same distribution despite being from speci-
mens with diﬀerent orientations, hence diﬀerent β and strain paths.
For dead weight tests, the determination of the SCC susceptibility ranking has
proven to be more complex as the testing was performed at diﬀerent stress le-
vels and durations. When comparing the specimens at constant true stress to
yield strength ratio for WF675 as-received, the axial orientation appears to be the
most susceptible to SCC, followed by the circumferential orientation and ﬁnally
the 45◦ orientation. The orientation eﬀect seems signiﬁcant as there is a factor of
three diﬀerence in the crack depth between the axial and the 45◦ orientation (res-
pectively 55 and 17 μm). However, when applying the Kolmogorov-Smirnov test,
only 2 specimens are statistically diﬀerent (Axial C4 and circumferential C10)
which weakens the conclusions made only from the maximum crack depths.
No general trend emerges from the Kolmogorov-Smirnov analysis when dealing
with all the specimens tested. On one hand, crack depth data from specimens
with diﬀerent orientations appeared to come from diﬀerent distributions (C4, C8,
and C11-C12), which is what would be expected to demonstrate an inﬂuence of
the strain path. On the other hand, data from these specimens also come from
diﬀerent distributions when compared with specimens from the same orientation
(C8 vs C9-C10, and C11 vs C12), which suggests that the data are too scattered
to be able to draw clear conclusions out of the stress corrosion cracking test.
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Regrettably, the same remark can be made for WF675 15 % cold-worked. Neither
the analysis of the maximum crack depth nor the Kolmogorov-Smirnov statistical
evaluation of the crack distribution could give a deﬁnite assessment of the eﬀect
of the strain path on the stress corrosion cracking process. This can be explained
partly by the limited number of specimen tested and by the relative low severity of
the constant load tests. The consequence of the low severity of the constant load
tests is a limited number of cracks thus making the diﬀerences between orienta-
tions diﬃcult to observe within the scattering of the data. A supporting fact for
this hypothesis is that the strain path eﬀect has been clearly demonstrated with
RUB tests [115], which are much more severe than constant load tests.
Even though the combination of results from constant load tests, i.e. from proving
ring and dead weight, did not provide any clear answer to the question of the
signiﬁcance of the strain path, a methodology can be proposed in order to produce
data to help propose an implementation of the Index Model. The methodology is
the following:
1. perform SCC testing at diﬀerent test durations and stress levels,
2. obtain the crack depth data and the statistical assessment of these data with
both lognormal distribution ﬁtting and Kolmogorov-Smirnov test,
3. combine the test results obtained at diﬀerent test durations for a given stress
level in order to determine an average crack growth rate, and
4. determine from the average crack growth rate the test duration required
to produce a maximum crack depth equal to the crack depth l ∗ at which
transition between slow to fast propagation regime occurs.
The premises of this methodology have been used in this study but the lack of
correlation between the data prevented the derivation of predictive data. It ap-
pears clearly from the SCC data that further testing is required for test durations
between 2500 and 5000 hours. Indeed, the proving ring tests have demonstra-
ted that for the stress level applied, the incubation time was between 1500 and
2500 hours, whereas the dead weight results for some specimens were close to the
transition depth l ∗. Intermediate data points are therefore needed in order to in-
crease the accuracy of the average crack growth rate determination.
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Chapter11
Summary conclusions
This project was undertaken to obtain a better understanding of the stress corro-
sion cracking process of alloy 600 in primary water environment. The experimen-
tal approach was focussed on the material parameter and designed to determine
the eﬀect of the manufacturing process, cold work and the strain path on SCC of
alloy 600.
The materials under investigation were two grades of alloy 600 representative of
materials used in nuclear power plants: forged CRDM nozzle WF675 and rolled
divider plate 78456/337. SCC specimens were cut in several orientations to pro-
duce diﬀerent strain paths, and then tested in both as-received and cold-worked
conditions in primary water at 360 ◦C. Another rolled material, divider plate stub
2360, was added to the study for microstructural characterisation only.
The manufacturing process has been proven to have a great eﬀect on the stress
corrosion cracking behaviour of alloy 600 heats studied. Indeed, the SCC suscep-
tibility assessment has demonstrated a much higher resistance of the rolled mate-
rials by comparison to the forged material studied. In addition, one of the major
ﬁndings from this study was the very high resistance to initiation of the rolled di-
vider plate 78456/337, even cold-worked at 21 %.
There is a direct link between manufacturing process and microstructure. First,
in terms of carbide distribution, as the rolling process and subsequent thermal
treatments induce intergranular carbides whereas the forging route produces in-
tragranular carbides. Second, in terms of misorientation, as the forging process
produces an heterogeneous microstructure and a higher degree of misorientation
by comparison to the rolled materials.
The microstructural characterisations have demonstrated the central importance
of the carbide distribution and the misorientation in the stress corrosion cracking
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process. In the as-received condition, forged WF675 material has a susceptible
microstructure (intragranular carbides only), a high level of misorientation, and
is the most susceptible material. Rolled 78456/337 and 2360 materials have both
a resistant microstructure, a low level of misorientation, and are non susceptible
to SCC. Regarding cold-worked materials, WF675 15 % CW and 2360 21 % CW
have comparable susceptibilities and similar levels of misorientation. This level is
nearly twice that observed for 78456/337 21 % CW material which is only weakly
susceptible to initiation. There is therefore clear evidence that suggest a syner-
gystic eﬀect of the carbides distribution with the misorientation.
Regarding the strain path, it has been demonstrated that diﬀerent strain paths
can be produced by cutting specimens in diﬀerent orientations relative to the main
working direction of forged and rolled products. However, the determination of
the strain path, deﬁned by the β parameter is complex if the strain corresponding
to the successive applied straining is unknown. The characterisation techniques
employed in this study did not produce data that would allow the determination
of β for as-received material.
Stress corrosion cracking tests were aimed at determining the inﬂuence of the
strain path on SCC of alloy 600. An experimental set-up called proving ring
has been successfully designed and employed to perform these tests. However
there was a limited success in determining the inﬂuence of the strain path as no
clear trends could be established. The current study has only examined a limited
number of specimens and the resulting data were too scattered for any diﬀerence
between the orientations, hence strain paths, to appear as statistically signiﬁcant.
Nevertheless, a methodology has been proposed to complete the investigation of
the inﬂuence of the strain path on alloy 600 stress corrosion cracking.
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Future work
This research has thrown up many questions in need of further investigation. The
current study was limited by the non determination of the β parameter for WF675
as-received and advanced microstructural characterisations are needed. A propo-
sed way to achieve this goal is to try matching the Taylor factor to the stored
energy by successive iterations. As the Taylor factor results from the strain tensor
applied, this method is similar to what has been intended in this work, i.e. deter-
mining the strain tensor required to produce the parameter measured. Another
interesting experiment would be to determine experimentally the strain tensor re-
sulting from the pre-straining of cold-worked materials and compare it to the theo-
retical pre-straining tensor. This would allow the determination of the precision
achievable when calculating the β parameter from microstructural measurements.
Concerning the SCC testing, the proving rings have been calibrated and operated
with success but a better understanding of the set-up behaviour during the hea-
ting and cooling phases could be achieved with in situ X-ray synchrotron diﬀrac-
tion. In addition, more SCC tests are required, particularly in the range 2500–
5000 hours. These test should help the acquisition of less scattered data with a
number of cracks suﬃcient for statistical analysis and a maximum crack depth lo-
wer than the transition crack depth l ∗.
A development that could improve the analysis of the crack depth would be to
scan the entire specimen. X-ray tomography is a technique that would allow such
measurements and experiments in recent years have demonstrated the capabilities
of imaging cracks with a resolution up to 1 μm [208–211]. However, the need for
synchrotron beam time and the limitations on the specimen size do not appear
suitable for this study [211, 212]. Nevertheless, an alternative technique could be
the electron speckle pattern interferometry or ESPI. This technique allows the
assessment of the displacement ﬁeld on the surface of a specimen stressed under
constant load [213]. After SCC testing, when cracks are present on the specimen
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surface, ESPI can measure the displacement ﬁeld associated to the crack opening
edges and calculations can be made to determine the crack depths associated to
the crack opening as a function of the applied loading. The whole gauge length
of the specimen could be scanned for cracks in a reasonable amount of time using
ESPI. Attempts have been made in this study but were unsuccessfully due to an
inadequate experimental set-up: the tensile machine used to load the specimen
was producing vibrations that caused parasitic signals in the ESPI measurements.
The misorientation analysis presented here is actively being developed by F.
Di Gioacchino. The latests developments are looking at resolving the dislocation
content associated to the lattice curvature in order to reveal the dislocation dis-
tribution within the grains. An example of results is presented in Figure 12.1.
(a) EBSD map (b) Misorientation map
(c) Image quality map (d) Dislocation density map
Figure 12.1 – Latest developments in the misorientation analysis (misorientation
values in degree and dislocation density ρGND in logarithmic scale). Courtesy of
F. Di Gioacchino.
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AppendixA
Calibrations of static autoclaves
The calibration of the dead weight loading line of the static autoclaves used for
dead weight tests were performed in an argon atmosphere under a pressure si-
milar to that of stress corrosion cracking tests (180 bar). Practically, steel discs
were weighed on a precision scale and placed on the loading line of the autoclave.
The corresponding load applied on the inside of the autoclave was recorded with
a load cell. The calibration curves obtained in January 2008 for the three auto-
claves available during this work are presented hereafter.
y = 95.078x+ 13.811
R2 = 0.9997
Figure A.1 – Calibration curve of static autoclave 1 used in dead weight tests.
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y = 95.060x− 263.480
R2 = 0.9987
Figure A.2 – Calibration curve of static autoclave 2 used in dead weight tests.
y = 92.693x− 131.390
R2 = 0.9994
Figure A.3 – Calibration curve of static autoclave 7 used in dead weight tests.
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Statistical distribution ﬁt
Six distributions have been tested to ﬁt the crack depth data coming from the
SCC testing specimens: exponential, extreme value, lognormal, normal, Rayleigh
and Weibull. From the corresponding graphs represented in Figure B.1 to Fi-
gure B.6, it is clear that only the lognormal distribution produces an adequate ﬁt
of the experimental data.
The probability density function (PDF) and cumulative distribution function
(CDF) corresponding to the lognormal distribution are respectively deﬁned in
Equation B.1 and Equation B.2 [214].
P (x) = 1
xσ
√
2π
· e
−(ln x−μ)2
2σ2 (B.1)
C(x) = 1
σ
√
2π
∫
x
0
e
−(ln x−μ)2
2σ2
t
dt (B.2)
where x is the input data, P (x) is the probability density function, C(x) is the
cumulative distribution function, μ and σ are two parameters related to the mean
m and variance v of the lognormal distribution where m = exp(μ + σ 2/2) and
v = exp(2μ+ σ 2)(exp(σ 2)− 1).
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μm
Figure B.1 – Probability plot for exponential distribution.
μm
Figure B.2 – Probability plot for extreme value distribution.
μm
Figure B.3 – Probability plot for lognormal distribution.
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μm
Figure B.4 – Probability plot for normal distribution.
μm
Figure B.5 – Probability plot for Rayleigh distribution.
μm
Figure B.6 – Probability plot for Weibull distribution.
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AppendixC
MATLAB® routines
Three routines have been written during this PhD and their script is given below.
For the β parameter calculation, the routine “Beta3D3R” calculates the β value
from two input strain tensor and the three angles deﬁning the angular rotation
between the axis systems in which the tensors are expressed.
Regarding crack statistics, the routine “Lognormalcrackstat” calculates the maxi-
mum likelihood estimates parameters for a lognormal distribution ﬁtting the data.
The routine also plots the corresponding crack depth distribution, experimental
and estimated probability density function (PDF), experimental and estimated
cumulative distribution function (CDF), and probability plot.
Concerning image analysis, the routine “Threshold” converts a backscattered elec-
tron SEM grayscale picture into a binary image using the im2bw function and
a user-deﬁned level argument. The output is the intragranular carbide coverage
IGC value as deﬁned in Equation 4.2 page 97.
C.1 β parameter calculation
function [Beta] = Beta3D3R (A, B, zphi, xtheta, Zpsi)
% Calculates the beta parameter of two 3x3 tensors
% Rotation anticlockwise following the z-x-Z convention
%-----------------------------------------------------------------%
% A the strain tensor of the first loading in
% the first coordinate system
% B the strain tensor of the second loading in
% the second coordinate system
% C the strain tensor of the first loading in
% the second coordinate system
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% zphi rotation angle around the original z axis (in degrees)
% xtheta rotation angle around x axis (in degrees)
% zpsi rotation angle around Z axis (in degrees)
% R is the rotation matrix from the first coordinate system
% to the second coordinate system
%-----------------------------------------------------------------%
%-----------------------------------------------------------------%
deg_to_rad = pi/180; % changes the angle from degrees to radians
czphi = cos(zphi*deg_to_rad);
% calculates the cosinus of the zphi angle
szphi = sin(zphi*deg_to_rad);
% calculates the sinus of the zphi angle
cxtheta = cos(xtheta*deg_to_rad);
% calculates the cosinus of the xtheta angle
sxtheta = sin(xtheta*deg_to_rad);
% calculates the sinus of the xtheta angle
cZpsi = cos(Zpsi*deg_to_rad);
% calculates the cosinus of the Zpsi angle
sZpsi = sin(Zpsi*deg_to_rad);
% calculates the sinus of the Zpsi angle
%-----------------------------------------------------------------%
%-----------------------------------------------------------------%
Rz = [czphi szphi 0; -szphi czphi 0; 0 0 1];
% rotation matrix for the rotation around z axis
Rx = [1 0 0 ; 0 cxtheta sxtheta; 0 -sxtheta cxtheta];
% rotation matrix for the rotation around x axis
RZ = [cZpsi sZpsi 0; -sZpsi cZpsi 0; 0 0 1];
% rotation matrix for the rotation around z axis
R = RZ * Rx * Rz; % Global rotation matrix
%-----------------------------------------------------------------%
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%-----------------------------------------------------------------%
C = R * A * R’;
% calculates the strain tensor of the first loading in the
% second coordinate system
%-----------------------------------------------------------------%
%-----------------------------------------------------------------%
magC = sqrt(trace(C’ * C’));
% calculates the magnitude of the first strain tensor
magB = sqrt(trace(B’ * B’));
% calculates the magnitude of the second strain tensor
%-----------------------------------------------------------------%
%-----------------------------------------------------------------%
DCP = trace(C’ * B);
% calculates the double contracted product of the
% first and second tensors in the second coordinate system
Beta = DCP / (magB * magC);
% calculates the beta parameter
%-----------------------------------------------------------------%
C.2 Crack statistics
function [] = Lognormalcrackstat (CrackData)
% Lognormal fitting of crack depth data
%-----------------------------------------------------------------%
% INPUT: CrackData dataset containing the crack depth data
% OUTPUT: mu normal distribution mean
% sigma normal distribution standard deviation
% muCI 95% confidence intervals for mu
% sigmaCI 95% confidence intervals for sigma
% plot 1 Estimated PDF
% plot 2 Experimental PDF
% plot 3 Estimated & experimental CDF
% plot 4 Probability plot for lognormal distribution
%-----------------------------------------------------------------%
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%-----------------------------------------------------------------%
% Estimation of the lognormal distribution from CrackData
[parmhat,parmci] = lognfit(CrackData);
% Parmhat returns a vector of maximum likelihood estimates
% parmhat(1) = mu and parmhat(2) = sigma of parameters for a
% lognormal distribution fitting data. mu and sigma are the mean
% and standard deviation, respectively, of the associated normal
% distribution. Parmci returns 95% confidence intervals for the
% parameter estimates mu and sigma in the 2-by-2 matrix parmci.
% The first column of the matrix contains the lower and upper
% confidence bounds for parameter mu, and the second column
% contains the confidence bounds for parameter sigma.
mu = parmhat(1) % normal distribution mean
sigma = parmhat(2) % normal distribution standard deviation
muCI = parmci(:,1) % 95% confidence intervals for mu
sigmaCI = parmci(:,2) % 95% confidence intervals for sigma
%-----------------------------------------------------------------%
%-----------------------------------------------------------------%
% Estimated Probability Density Function (PDF) plot
subplot(2,3,1)
Y = lognpdf(CrackData, mu, sigma);
plot(CrackData,Y); grid;
xlabel(’Crack Depth (\mum)’); ylabel(’Estimated PDF’);
% Experimental Probability Density Function (PDF) plot
subplot(2,3,2)
ymax = 1.1*max(CrackData);
ymin = min(CrackData);
bins = ceil(ymin):ceil(ymax);
h = bar(bins,histc(CrackData,bins)/length(CrackData),’histc’);
set(h,’FaceColor’,[.9 .9 .9]);
ygrid = linspace(ymin,ymax,100);
hold on
Ylength = length(Y);
ygrid2 = log(linspace(ymin,ymax,Ylength));
plot(CrackData,Y)
xlabel(’Crack Depth (\mum)’); ylabel(’Experimental PDF’);
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xlim([ymin ymax]);
hold off
%-----------------------------------------------------------------%
%-----------------------------------------------------------------%
% Estimated & Experimental Cumulative Density Function (PDF) plot
[nlogL,avar] = lognlike(parmhat,CrackData);
% returns the inverse of Fisher’s information matrix. If the input
% parameter value in params is the maximum likelihood estimate,
% avar is its asymptotic variance. avar is based on the observed
% Fisher’s information, not the expected information.
[F,yi] = ecdf(CrackData);
P = logncdf(CrackData,mu,sigma);
subplot(2,3,3)
plot(CrackData,P); grid;
hold on; stairs(yi,F,’r’); hold off;
xlabel(’Crack Depth (\mum)’); ylabel(’CDF’);
%-----------------------------------------------------------------%
%-----------------------------------------------------------------%
% Probability plot for lognormal distribution
subplot(2,3,4:6)
probplot(’lognormal’,CrackData)
%-----------------------------------------------------------------%
C.3 Image analysis
function [Carbide] = Threshold (Pic , Threshold)
%Calculates the grain carbide coverage (in %) of an SEM picture
%-----------------------------------------------------------------%
% INPUT:
% Pic, a picture, use ’name.extension’
% Threshold, a value for the thresholding command,
% takig a value between 0 and 1
% OUTPUT:
% Carbide, the grain carbide coverage calue in %
%-----------------------------------------------------------------%
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%-----------------------------------------------------------------%
I = imread(Pic);
% reads a grayscale or color image from the file specified by the
% string filename. If the file is not in the current directory,
% or in a directory on the MATLAB path, specify the full pathname.
% The return value A is an array containing the image data.
%-----------------------------------------------------------------%
%-----------------------------------------------------------------%
BW = im2bw(I, Threshold);
% converts the grayscale image I to a binary image. The output
% image BW replaces all pixels in the input image with luminance
% greater than level with the value 1 (white) and replaces all
% other pixels with the value 0 (black). You specify level in
% the range [0,1], regardless of the class of the input image.
% The function graythresh can be used to compute the level
% argument automatically. If you do not specify level, im2bw
% uses the value 0.5. If the input image is not a grayscale image,
% im2bw converts the input image to grayscale, and then converts
% this grayscale image to binary by thresholding.
%-----------------------------------------------------------------%
%-----------------------------------------------------------------%
imshow(I); % displays the image I.
figure, imshow(BW); % displays the image BW.
[m , n] = size (BW);
% return the size of matrix X in separate variables m and n.
Carbide = (m * n - sum(sum(BW))) / (m * n) *100;
% as BW is a matrix f sum(BW) treats the columns of BW as vectors,
% returning a row vector of the sums of each column. Need to use
% sum sum to get the number of 1 in the matrix.
%-----------------------------------------------------------------%
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FE model
The design stage of the proving ring was aimed at determining the geometry of
the specimen and block parts so that the required stress level during SCC testing
could be reached. An early proving ring design based on calculations from an
analytical model presented in Appendix I served as a staring point for the later
development by ﬁnite element modelling. The ﬁnal geometry of the specimen is
presented in Figure 4.2 page 93 whereas the block is shown in Figure D.1. The
design stage of the proving ring is not described in this manuscript but can be
found in detail in [215].
7
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20.5
Figure D.1 – Geometry of the block part.
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(a) Global results
(b) Stress area of interest
Figure D.2 – FEM results for longitudinal orientation specimen part (78456/337
material 21 % cold-worked, β = 1.00, stress values in MPa).
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(a) Stress along X axis
(b) Stress along Y axis
Figure D.3 – FEM results for longitudinal orientation ring part (78456/337 mate-
rial 21 % cold-worked, β = 1.00, stress values in MPa).
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(a) Global results
(b) Stress area of interest
Figure D.4 – FEM results for 45◦ orientation specimen part (78456/337 material
21 % cold-worked, β = 0.25, stress values in MPa).
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(a) Stress along X axis
(b) Stress along Y axis
Figure D.5 – FEM results for 45◦ orientation ring part (78456/337 material 21 %
cold-worked, β = 0.25, stress values in MPa).
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(a) Global results
(b) Stress area of interest
Figure D.6 – FEM results for transverse orientation specimen part (78456/337
material 21 % cold-worked, β = −0.50, stress values in MPa).
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(a) Stress along X axis
(b) Stress along Y axis
Figure D.7 – FEM results for transverse orientation ring part (78456/337 material
21 % cold-worked, β = −0.50, stress values in MPa).
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(a) Mises stress (b) Equivalent plastic strain
Figure D.8 – FEM sample stress distribution at the end of step 2 (78456/337
material 21 % cold-worked, 45◦ orientation, β = 0.25, stress values in MPa).
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(a) Mises stress
(b) Equivalent plastic strain
Figure D.9 – FEM ring stress distribution at the end of step 2 (78456/337 material
21 % cold-worked, 45◦ orientation, β = 0.25, stress values in MPa).
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AppendixE
Grain boundary character analysis
The grain boundary character analysis has been performed using VMAP software.
Four areas large enough to ensure the representativity of the sampled microstruc-
ture have been analysed for each materials. The corresponding data are summa-
rised in Table E.1 to Table E.4 and the average results are plotted in Figure E.1.
An example of an analysed area is given in Figure E.2.
Table E.1 – Grain boundary character of WF675 material.
Grain boundary Map 1 Map 2 Map 3 Map 4 Average
LAB (%) 0.9 1.5 1.2 0.9 1.1± 0.3
HAB (%) 99.1 98.5 98.8 99.1 98.9± 0.3
Σ3 (%) 65.4 64.7 61.1 62.4 62.6± 1.5
Σ9 (%) 8.6 9.5 8.1 8.6 8.7± 0.6
Σ27 (%) 5.4 5.1 4.8 5.4 5.2± 0.3
Table E.2 – Grain boundary character of 78456/337 material.
Grain boundary Map 1 Map 2 Map 3 Map 4 Average
LAB (%) 1.9 2.0 1.9 1.8 1.9± 0.1
HAB (%) 98.0 98.0 98.1 98.2 98.1± 0.1
Σ3 (%) 50.5 49.0 50.3 47.1 49.2± 1.6
Σ9 (%) 4.8 5.0 5.0 5.1 5.0± 0.1
Σ27 (%) 1.7 2.1 1.6 1.5 1.7± 0.3
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Table E.3 – Grain boundary character of 2360 material.
Grain boundary Map 1 Map 2 Map 3 Map 4 Average
LAB (%) 0.7 1.2 3.4 1.8 1.8± 1.2
HAB (%) 99.3 98.8 96.6 98.2 98.2± 1.2
Σ3 (%) 65.7 65.8 60.7 62.1 63.6± 2.6
Σ9 (%) 4.6 4.1 8.5 6.5 5.9± 2.0
Σ27 (%) 3.2 3.1 3.6 1.9 2.9± 0.7
Table E.4 – Summary of grain boundary character analysis.
Grain boundary WF675 784546/337 2360
LAB (%) 1.1± 0.3 1.8± 1.2 1.8± 1.2
HAB (%) 98.9± 0.3 98.1± 0.1 98.2± 1.2
Σ3 (%) 62.6± 1.5 49.2± 1.6 63.6± 2.6
Σ9 (%) 8.7± 0.6 5.0± 0.1 5.9± 2.0
Σ27 (%) 5.2± 0.3 1.7± 0.3 2.9± 0.7
Figure E.1 – Grain boundary character of the investigated materials.
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250 μm
(a) Orientation map
250 μm
(b) Grain boundary character map
Figure E.2 – Area 1 WF675 as-received.
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AppendixF
Misorientation analysis
The analyses of misorientation within the microstructure of the three investiga-
ted materials has been undertaken for both as-received and cold-worked states.
Several EBSD maps for each materials have been processed with F. Di Gioac-
chino’s Python routine to produce misorientation maps. Misorientation plots are
obtained from the misorientation map data in terms of probability density and
cumulative distribution functions. All the maps analysed are presented in Fi-
gure F.1 to Figure F.29 and the corresponding misorientation plots in Figure F.6
to Figure F.30. In order to compare the materials, an arbitrary cumulative dis-
tribution value of 90 % has been selected as the focus is on the higher end of the
misorientation distribution.
F.1 WF675 as-received
The microstructure resulting from the forging process is inhomogeneous with a
duplex grain size. Depending on the area scanned during EBSD analysis, the re-
sulting misorientation diﬀers.
Figure F.1 is an example of an area with only small grains. The resulting miso-
rientation is very low (below 1◦) with a strong peak around 0.3◦ (Figure F.6 a).
When large grains are found in the microstructure (Figure F.2 to Figure F.4), the
resulting misorientation distribution has two peaks: a sharp intense peak at miso-
rientation values about 0.2◦ and a broad much less intense peak at misorientation
values between 0.5 and 6◦. The most misorientation has been found in Figure F.5
where the peak corresponding to the small grains and the peak corresponding to
the large grains have the same probability. It is apparent from Figure F.6 (b) that
the misorientation increases with the fraction of large grains: the 90 % cumula-
tive misorientation goes from 0.5 (map 1) to 4.7◦ (map 4) as the fraction of large
grains in the scanned area increases. The worst case (map 5) corresponding to a
90 % cumulative misorientation of 5.5◦.
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100 μm
(a) Orientation map
(b) Misorientation map
Figure F.1 – Area 1 WF675 as-received (misorientation expressed in degrees).
200 μm
(a) Orientation map
(b) Misorientation map
Figure F.2 – Area 2 WF675 as-received (misorientation expressed in degrees).
200 μm
(a) Orientation map
(b) Misorientation map
Figure F.3 – Area 3 WF675 as-received (misorientation expressed in degrees).
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100 μm
(a) Orientation map
(b) Misorientation map
Figure F.4 – Area 4 WF675 as-received (misorientation expressed in degrees).
100 μm
(a) Orientation map
(b) Misorientation map
Figure F.5 – Area 5 WF675 as-received (misorientation expressed in degrees).
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◦
(a) Probability density function
◦
(b) Cumulative distribution function
Figure F.6 – Misorientation plots for WF675 in the as-received condition.
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F.2 WF675 cold-worked
It is still noticeable in the misorientation maps (Figure F.7 to Figure F.10) that
the high misorientation values corresponds to the larger grains. However, the mi-
sorientation plot (Figure F.11 a) is now composed by only one broad peak with
a maximum around 2◦ and misorientation values up to 20◦. The heterogeneity
encountered in the as-received material is to some extend decreased by the cold-
work as all the plots are similar (Figure F.11 b) with a corresponding 90 % cu-
mulative misorientation value between 6.9 and 8.1◦.
50 μm
(a) Orientation map
(b) Misorientation map
Figure F.7 – Area 6 WF675 cold-worked (misorientation expressed in degrees).
50 μm
(a) Orientation map
(b) Misorientation map
Figure F.8 – Area 7 WF675 cold-worked (misorientation expressed in degrees).
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50 μm
(a) Orientation map
(b) Misorientation map
Figure F.9 – Area 8 WF675 cold-worked (misorientation expressed in degrees).
50 μm
(a) Orientation map
(b) Misorientation map
Figure F.10 – Area 9 WF675 cold-worked (misorientation expressed in degrees).
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◦
(a) Probability density function
◦
(b) Cumulative distribution function
Figure F.11 – Misorientation plots for WF675 in the cold-worked condition.
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F.3 78456/337 as-received
The misorientation in material 78456/337 as-received is very low as most values
are below 1◦(Figure F.12 to Figure F.15). All the probability density plots (Fi-
gure F.16 a) have only one strong sharp peak with a maximum below 0.5◦. Three
out of the four plots are consistent, the fourth plot (map 10) having a higher in-
tensity at a lower misorientation angle. On the cumulative distribution plot (Fi-
gure F.16 b), the 90 % values ranges from 0.5 to 0.8◦.
100 μm
(a) Orientation map 10
(b) Misorientation map 10
Figure F.12 – Area 10 78456/337 as-received (misorientation expressed in degrees).
100 μm
(a) Orientation map 11
(b) Misorientation map 11
Figure F.13 – Area 11 78456/337 as-received (misorientation expressed in degrees).
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100 μm
(a) Orientation map 12
(b) Misorientation map 12
Figure F.14 – Area 12 78456/337 as-received (misorientation expressed in degrees).
200 μm
(a) Orientation map 13
(b) Misorientation map 13
Figure F.15 – Area 13 78456/337 as-received (misorientation expressed in degrees).
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◦
(a) Probability density function
◦
(b) Cumulative distribution function
Figure F.16 – Misorientation plots for 78456/337 in the as-received condition.
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F.4 78456/337 cold-worked
Like WF675, the cold-work of 78456/337 increases the misorientation (Figure F.17
to Figure F.20) and decreases the dispersion as all four probability density plots
(Figure F.21 a) are now broad and with a maximum around 2◦. The resulting
90 % cumulative distribution values are between 4.3 and 4.7◦ (Figure F.21 b).
50 μm
(a) Orientation map 14
(b) Misorientation map 14
Figure F.17 – Area 14 78456/337 cold-worked (misorientation expressed in de-
grees).
50 μm
(a) Orientation map 15
(b) Misorientation map 15
Figure F.18 – Area 15 78456/337 cold-worked (misorientation expressed in de-
grees).
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50 μm
(a) Orientation map 16
(b) Misorientation map 16
Figure F.19 – Area 16 78456/337 cold-worked (misorientation expressed in de-
grees).
100 μm
(a) Orientation map 17
(b) Misorientation map 17
Figure F.20 – Area 17 78456/337 cold-worked (misorientation expressed in de-
grees).
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◦
(a) Probability density function
◦
(b) Cumulative distribution function
Figure F.21 – Misorientation plots for 78456/337 in the cold-worked condition.
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F.5 2360 as-received
The misorientation in 2360 as-received is comparable to that of the other rol-
led material (Figure F.22 to Figure F.24). All the probability density plots (Fi-
gure F.25 a) have only one strong sharp peak with a maximum below 0.5◦, one
plot has a small peak between 2.5 and 3◦. The corresponding 90 % cumulative
misorientations are very similar with values between 0.7 and 0.8◦ (Figure F.25 b).
200 μm
(a) Orientation map 18
(b) Misorientation map 18
Figure F.22 – Area 18 2360 as-received (misorientation expressed in degrees).
300 μm
(a) Orientation map 18
(b) Misorientation map 18
Figure F.23 – Area 19 2360 as-received (misorientation expressed in degrees).
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300 μm
(a) Orientation map 20
(b) Misorientation map 20
Figure F.24 – Area 20 2360 as-received (misorientation expressed in degrees).
◦
(a) Probability density function
◦
(b) Cumulative distribution function
Figure F.25 – Misorientation plots for 2360 in the as-received condition.
223
F. Misorientation analysis VI. Appendix
F.6 2360 cold-worked
The inﬂuence of the cold-work on 2360 material can be seen by an increase of
the misorientation (Figure F.26 to Figure F.29) and a corresponding broadening
of the probability density peak and shift towards the higher misorientation va-
lues, with a maximum above 2◦ (Figure F.30 a). On the cumulative plots (Fi-
gure F.30 b), the 90 % cumulative misorientation values lays between 5.9 and 7◦.
200 μm
(a) Orientation map 21
(b) Misorientation map 21
Figure F.26 – Area 21 2360 cold-worked (misorientation expressed in degrees).
200 μm
(a) Orientation map 22
(b) Misorientation map 22
Figure F.27 – Area 22 2360 cold-worked (misorientation expressed in degrees).
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200 μm
(a) Orientation map 23
(b) Misorientation map 23
Figure F.28 – Area 23 2360 cold-worked (misorientation expressed in degrees).
200 μm
(a) Orientation map 24
(b) Misorientation map 24
Figure F.29 – Area 24 2360 cold-worked (misorientation expressed in degrees).
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◦
(a) Probability density function
◦
(b) Cumulative distribution function
Figure F.30 – Misorientation plots for 2360 in the cold-worked condition.
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F.7 Summary
The misorientation analysis demonstrate the diﬀerences between forged and rol-
led materials, the data are summarised Table F.1.
In the as-received condition, the inhomogeneous microstructure of the forged ma-
terial results in a wide range of misorientations with 90 % cumulative misorienta-
tion values ranging from 0.5 to 4.7◦. On the other hand, the rolled materials have
homogeneous microstructures and a resulting low misorientation (90 % of the va-
lues are below 0.8◦).
The cold work has been proven to increase the misorientation regardless of the
manufacturing process. For the same amount of cold work (21 %), the misorien-
tation is higher in 2360 than in 78456/337 material by nearly 2◦. This diﬀerence
is thought to be very signiﬁcant as a 21 % cold-work creates an misorientation
increase of 4 to 6◦. Regarding the forged material, a lower level of cold-work
(15 %) results in a misorientation higher that that of 21 % cold-worked rolled ma-
terials. Surprisingly, it can be noticed that the misorientation of WF675 in the
as-received state corresponding to Figure F.3 is similar to that of 78456/337 in
the cold-worked state.
Table F.1 – 90 % cumulative misorientation values of investigated materials (mi-
sorientation values are expressed in degrees).
Material As-received state Cold-worked state
WF675 0.5 to 5.5 6.9 to 8.1
78456/337 0.5 to 0.8 4.3 to 4.7
2360 0.7 to 0.8 5.9 to 7
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β parameter calculation details
The parameter β, deﬁned in Equation G.1 as the double-contracted tensor product
between the plastic strain mode during the pre-strain, ε1, and the subsequent
plastic strain mode during the SCC test, ε2.
β = ε1 : ε2‖ε1‖ · ‖ε2‖ (G.1)
where β is the parameter characteristic of the strain path, ε1 is the strain tensor
corresponding to the pre-straining, and ε2 is the strain tensor corresponding to
straining during SCC testing.
The double contracted product operator (also referred to as double dot product or
inner product) is deﬁned in Equation G.2, and the tensor magnitude is expressed
in Equation G.3:
A : B = AijBij = Tr
(
A T ·B
)
(G.2)
‖A‖ =
√
A : A T (G.3)
where A and B are strain tensors, Tr is the trace operator, and T is the trans-
pose operator.
The double contracted product operator is valid only if both tensors are expressed
in the same axis system. In the general case where the successive loadings occur
along diﬀerent directions, one tensor needs to be rotated and expressed in the
other tensor’s coordinate system using Equation G.4:
C = R·A·R T (G.4)
where A and C are two strain tensors, R is the rotation matrix, and T is the
transpose operator.
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The rotation matrix R can be determined using Euler’s rotation theorem. Ac-
cording to this theorem, any arbitrary rotation can be described using only three
angles [216] as presented in Figure G.1. In the so-called “z-x-z” convention, the
rotation is given by the Euler angles (φ, θ, ψ), where the ﬁrst rotation is by an
angle φ about the z-axis, the second is by an angle θ ∈ [0, π] about the former x-
axis (now x′), and the third is by an angle ψ about the former z-axis (now z′) [217].
Figure G.1 – “z-x-z” convention of Euler’s rotation theorem.
If the rotations are written in terms of rotation matrices Rφ, Rθ and Rψ, then a
general rotation matrix R can be written as:
R = Rψ ·Rθ ·Rφ (G.5)
with:
Rφ =
⎡
⎢⎢⎣
cos φ sin φ 0
−sin φ cos φ 0
0 0 1
⎤
⎥⎥⎦ (G.6)
Rθ =
⎡
⎢⎢⎣
1 0 0
0 cos θ sin θ
0 −sin θ cos θ
⎤
⎥⎥⎦ (G.7)
Rψ =
⎡
⎢⎢⎣
cos ψ sin ψ 0
−sin ψ cos ψ 0
0 0 1
⎤
⎥⎥⎦ (G.8)
where Rφ is the rotation matrix about the z-axis, Rθ is the rotation matrix about
the x′-axis, and Rψ is the rotation matrix about the former z′-axis.
Therefore, from Equation G.5 to G.8, the rotation matrix R can be expressed as:
R =
⎡
⎢⎢⎣
cosψ cosφ − cos θ sinφ sinψ cosψ sinφ + cos θ cosφ sinψ sinψ sin θ
− sinψ cosφ − cos θ sinφ cosψ − sinψ sinφ + cos θ cosφ cosψ cosψ sin θ
sin θ sinφ − sin θ cosφ cos θ
⎤
⎥⎥⎦
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In the case of materials cold-worked by tensile straining, as shown in Figure G.2,
the strain tensors ε1 and ε2 are both known (Equation G.9).
Pre-straining
axis system
SCC testing
axis system
t i i
i t
t ti
i t
1
1
2
2
x2
y2
z2
x1
y1
z1
(a) A and L orientations
Pre-straining
axis system
SCC testing
axis system
t i i
i t
t ti
i t
1
1
2
2
x2
y2
z2
x1
y1z1
(b) 45◦ orientation
Pre-straining
axis system
SCC testing
axis system
t i i
i t
t ti
i t
11
2
2
x2
y2
z2
x1
y1
z1
(c) C and T orientations
Figure G.2 – Representation of successive loading for cold worked materials.
ε1 = εy1y1
⎡
⎢⎢⎣
−0.5 0 0
0 1 0
0 0 −0.5
⎤
⎥⎥⎦ and ε2 = εy2y2
⎡
⎢⎢⎣
−0.5 0 0
0 1 0
0 0 −0.5
⎤
⎥⎥⎦ (G.9)
where ε1 is the plastic strain rate mode during pre-straining, εy1y1 is the strain
along the y1 axis, ε2 is the plastic strain rate mode during stress corrosion cra-
cking testing, and εy2y2 is the strain along the y2 axis.
The routine written to perform the calculations is given in Appendix C.
231

AppendixH
Santarini’s method
A paper from Santarini [108] presented a rational method for quantitative charac-
terisation of intergranular stress corrosion cracking from results of slow strain rate
tests. The proposed approach uses a function N(l, T ), i.e. the number of cracks
of depth greater than l present after a time T on a calibrated specimen length
L0, to characterise the crack depth distribution and determine the cracking pa-
rameters. According to Santarini [108], the crack depth at which the transition
between slow to fast propagation regime occurs, l ∗, corresponds to the change in
the slope of N(l, T ) plotted against the crack depth.
For example, the graphs presented in Figure H.1 and Figure H.2 show a linear
trend which indicates that both specimens are still in the slow propagation regime.
On the other hand, the plots in Figure H.4 and Figure H.3 show a change in the
slope of N(l, T ) plotted against the crack depth for a crack depth around 50 μm.
Therefore, the results indicate that the transition crack depth lies around 50 μm.
N
(l
,T
)
μm
y = 167.31 exp(−0.244x)
R2 = 0.985
Figure H.1 – N(l, T ) plot for C11 specimen (WF675 as-received material,
45◦ orientation, σt = 587 MPa, 5000 h).
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N
(l
,T
)
μm
y = 71.219 exp(−0.282x)
R2 = 0.934
Figure H.2 – N(l, T ) plot for C12 specimen (WF675 as-received material,
45◦ orientation, σt = 592 MPa, 5000 h).
N
(l
,T
)
μm
y = 408.23 exp(−0.1003x)
R2 = 0.9449
y = 5.6476 exp(−0.0115x)
R2 = 0.9977
μm
Figure H.3 – N(l, T ) plot for C15 specimen (WF675 as-received material,
45◦ orientation, σt = 650 MPa, 5000 h).
N
(l
,T
)
μm
Intersection for crack depth of 46 μm
y = 1109 e−0.1204 x
R 2 = 0.9476
y = 8.729 e−0.0155 x
R 2 = 0.9607
Figure H.4 – N(l, T ) plot from SSRT specimen (WF675 as-received material, axial
orientation, σt = 730 MPa, 2190 h) [198].
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Analytical model
The analytical model was developed with the help of Dr F. Scenini from the Uni-
versity of Manchester. In this model, a compressive force is applied along a ring
diameter on the outer of the ring. This force strains the ring and creates a change
in the ring diameter as well as a stress in the ring section.
This model relies on simple mechanical considerations that link applied force, ring
diameter change and maximum stress in a ring section. However, the model is li-
mited and can only give information when the set-up is loaded at 20◦C because
when the temperature increases, the mechanical properties and the ring dimen-
sions change and the model then becomes inadequate. As a consequence, the
comparison between analytical and ﬁnite element models can only be performed
at the end of the loading step. The model is represented in Figure I.1 and discus-
sed below.
When applying a force on the outer of a ring, along its diameter, this force creates
a bending moment in the ring section given by the Equation I.1:
M = F · r·
(1
2 · cos θ −
1
π
)
(I.1)
where M is the bending moment created in a ring section, F is the force applied
to the ring, r is the mean radius of the ring, and θ is the angle between the hori-
zontal diameter and the ring section studied.
Knowing the geometry of the ring (e.g. outer diameter, thickness and width), the
second moment of area can be calculated according to Equation I.2:
I = b· d
3
12 (I.2)
where I is the second moment of area of the ring section, b is the width of the
ring section, and d is the thickness of the ring section.
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Proving ring
at rest
r i ri
t r t
Proving ring
under stress
r i ri
r tr
F
F
Figure I.1 – Schematic representation of the analytical model.
Then the reduction in diameter can be calculated following Equation I.3:
ΔOD = F · r
3
E· I ·
(
π
4 −
2
π
)
(I.3)
where ΔOD is the reduction in ring diameter, F is the force applied to the ring,
r is the mean radius of the ring, E is the Young’s modulus of the ring material,
and I is the second moment of area of the ring section.
Finally, the maximum compressive and tensile stresses along the horizontal ring
section are respectively given by the two equations below:
σT =
M · y
I
− F
b· d (I.4)
where σT is the maximum tensile stress on the horizontal ring section, M is the
bending moment created in a ring section, y is the half thickness (= d/2), I is the
second moment of area of the ring section, F is the force applied to the ring, b is
the width of the ring section, and d is the thickness of the ring section.
σC = −M · y
I
− F
b· d (I.5)
where σC is the compressive stress on the horizontal ring section,M is the bending
moment created in a ring section, y is the half thickness (= d/2), I is the second
moment of area of the ring section, F is the force applied to the ring, b is the
width of the ring section, and d is the thickness of the ring section.
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Lognormal distribution ﬁt
μm
y = 1.9462 ln(x)− 2.8126
Figure J.1 – Probability plot for lognormal distribution of SCW2 specimen
(WF675 15 % cold-worked, axial orientation, β = 1.00, σt = 799 MPa, 2500 h).
μm
y = 2.4105 ln(x)− 4.0162
Figure J.2 – Probability plot for lognormal distribution of SCW5 specimen
(WF675 15 % cold-worked, circumferential orientation, β = −0.50, σt = 799 MPa,
2500 h).
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μm
y = 1.3335 ln(x)− 2.5231
Figure J.3 – Probability plot for lognormal distribution of C4 specimen (WF675
as-received, axial orientation, σt = 631 MPa, 5000 h).
μm
y = 2.1603 ln(x)− 3.0479
Figure J.4 – Probability plot for lognormal distribution of C8 specimen (WF675
as-received, circumferential orientation, σt = 670 MPa, 5000 h).
μm
y = 1.0276 ln(x)− 1.8035
Figure J.5 – Probability plot for lognormal distribution of C9 specimen (WF675
as-received, circumferential orientation, σt = 546 MPa, 5000 h).
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μm
y = 1.5409 ln(x)− 3.1544
Figure J.6 – Probability plot for lognormal distribution of C10 specimen (WF675
as-received, circumferential orientation, σt = 654 MPa, 5000 h).
μm
y = 1.4094 ln(x)− 2.2229
Figure J.7 – Probability plot for lognormal distribution of C11 specimen (WF675
as-received, 45◦ orientation, σt = 587 MPa, 5000 h).
μm
y = 1.7804 ln(x)− 2.1909
Figure J.8 – Probability plot for lognormal distribution of C12 specimen (WF675
as-received, 45◦ orientation, σt = 592 MPa, 5000 h).
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μm
y = 1.2279 ln(x)− 2.3767
Figure J.9 – Probability plot for lognormal distribution of C15 specimen (WF675
as-received, 45◦ orientation, σt = 650 MPa, 5000 h).
μm
y = 3.3270 ln(x)− 2.9806
Figure J.10 – Probability plot for lognormal distribution of CW2 specimen (WF675
15 % cold-worked, axial orientation, β = 1.00, σt = 751 MPa, 5000 h).
μm
y = 3.327 ln(x)− 2.9805
Figure J.11 – Probability plot for lognormal distribution of CW16 specimen
(WF675 15 % cold-worked, 45◦ orientation, β = 0.25, σt = 734 MPa, 2500 h).
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μm
y = 1.4722 ln(x)− 1.6949
Figure J.12 – Probability plot for lognormal distribution of CW7 specimen (WF675
15 % cold-worked, circumferential orientation, β = −0.50, σt = 705 MPa, 2500 h).
μm
y = 1.9462 ln(x)− 2.8126
Figure J.13 – Probability plot for lognormal distribution of CW8 specimen (WF675
15 % cold-worked, circumferential orientation, β = −0.50, σt = 816 MPa, 236 h).
μm
y = 0.9082 ln(x)− 1.6722
Figure J.14 – Probability plot for lognormal distribution of CW11 specimen
(WF675 15 % cold-worked, circumferential orientation, β = −0.50, σt = 746 MPa,
2500 h).
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μm
y = 1.9462 ln(x)− 2.0235
Figure J.15 – Probability plot for lognormal distribution of TCW1 specimen
(78456/337 21 % cold-worked, longitudinal orientation, β = 1.00, σt = 705 MPa,
6360 h).
μm
y = 1.9462 ln(x)− 2.0235
Figure J.16 – Probability plot for lognormal distribution of TCW13 specimen
(78456/337 21 % cold-worked, 45◦ orientation, β = 0.25, σt = 683 MPa, 6360 h).
μm
y = 3.327 ln(x)− 2.9806
Figure J.17 – Probability plot for lognormal distribution of TCW6 specimen
(78456/337 21 % cold-worked, transverse orientation, β = −0.50, σt = 682 MPa,
5000 h).
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Fracture surfaces
The fracture surfaces shown in the result chapter of this manuscript are presen-
ted in this appendix in larger images (Figure K.1 to Figure K.8) to facilitate the
observations. All the information relative to the specimens are gathered from
Table K.1 to Table K.4.
Table K.1 – Slow strain rate test specimen summary.
Orientation Maximum load (N) Time to failure (h) Remark
L 5340 1126 No SCC
Table K.2 – Wedge-opening loading specimen summary.
Material Specimen Duration (h) K (MPa
√
m) Δl (mm)
WF675 AR U589-5 1603 32.8 1.4
2360 AR D725-A2 2462 33.9 0
2360 8 % CW D725-X1 2000 33.1 0.5 local
2360 21 % CW D725-Y2 2000 33.7 2.0
Table K.3 – Proving ring specimen summary for WF657 15 % cold-worked.
Specimen Orientation σt (MPa) σt/YS Duration (h) Δd (μm)
SCW9 45◦ (β = 0.25) 808 1.21 2500 850 (f)
Table K.4 – Dead weight specimen summary of WF675 as received.
Specimen Orientation σt (MPa) σt/YS Duration (h) Δd (μm)
C16 45◦ 662 1.75 4600 1000 (f)
C6 C 808 1.87 1400 950 (f)
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250 μm
(a) General view
5 μm
(b) High magniﬁcation
Figure K.1 – Fracture surface of 78456/337 SSRT specimen (21 % cold-worked,
SSRT at 5× 10−8 s−1 in primary water at 360 ◦C).
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200 μm
(a) General view
50 μm
(b) High magniﬁcation
Figure K.2 – Fracture surface of WOL U589-5 specimen (WF675 as-received ma-
terial, K325 ◦C = 32.8 MPa
√
m, 1603 h).
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200 μm
(a) General view
50 μm
(b) High magniﬁcation
Figure K.3 – Fracture surface of WOL D725-A2 specimen (2360 as-received ma-
terial, K325 ◦C = 33.9 MPa
√
m, 2462 h).
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200 μm
(a) General view
50 μm
(b) High magniﬁcation
Figure K.4 – Fracture surface of WOL D725-X1 specimen (2360 8 % cold-worked
material, K325 ◦C = 33.1 MPa
√
m, 2000 h).
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200 μm
(a) General view
50 μm
(b) High magniﬁcation
Figure K.5 – Fracture surface of WOL D725-Y2 specimen (2360 21 % cold-worked
material, K325 ◦C = 33.7 MPa
√
m, 2000 h).
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250 μm
(a) General view
10 μm
(b) High magniﬁcation
Figure K.6 – Fracture surface of proving ring SCW9 specimen (WF675 15 % cold-
worked material, 45◦ orientation, β = 0.25, σt = 808 MPa, 2500 h).
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250 μm
(a) General view
20 μm
(b) High magniﬁcation
Figure K.7 – Fracture surface of dead weight C16 specimen (WF675 as-received
material, 45◦ orientation, σt = 662 MPa, 4600 h).
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250 μm
(a) General view
10 μm
(b) High magniﬁcation
Figure K.8 – Fracture surface of dead weight C6 specimen (WF675 as-received
material, circumferential orientation, σt = 808 MPa, 1400 h).
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